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Preface

Developing this report about facilitating integrated research on how
the social environment and genetic function affect health outcomes has
been tremendously rewarding, in large part because the effort was a col-
laboration among scientists from the social, behavioral, and biological sci-
ences. Committee research and discussion illuminated associations among
social factors and health, behaviors and health, and genetics and health.
Committee collaboration resulted in a vision, described in this report, of
how future research, transdisciplinary in nature, can contribute to the sci-
ence of gene-social environment interactions and to explaining individual
and population health and health disparities.

Yet, transdisciplinary research faces many challenges, not the least of
which are those encountered when attempting to conduct collaborative
research across disciplines. In a sense, the challenge of collaboration was
illustrated in the work of this committee, whose scientists came from the
fields of sociology, demography, psychology, psychiatry, research design,
law, ethics, medicine, public health, epidemiology, biology, molecular vi-
rology, and genetics. Despite the fact that each committee member already
had demonstrated a willingness to work with those from other disciplines
on problems that crossed social, behavioral, and genetic lines, committee
understanding and collaboration were not achieved effortlessly. Research
conducted by different disciplines rests on different knowledge bases, often
with different areas of focus—for example, the geneticist emphasizes indi-
viduals, while sociologists examine groups and societies. To form a group
that could work collaboratively, it was necessary to devote meeting time to

x
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developing a common understanding of each others’ definitions, terms,
knowledge about what various disciplines have contributed to our under-
standing of disease risk, and an appreciation and value for the research
designs and methods used by practitioners of the different disciplines. It
was only after this had been accomplished that rapid progress could be
made in developing an integrated approach to the task at hand—that of
determining how researchers can begin to assess the impact on health of
interactions among social, behavioral, and genetic factors.

In transdisciplinary research, investigators will be faced, on a broader
scale, with the challenges that confronted this committee. Foremost among
these challenges is the need to appreciate and value the contributions of
other disciplines. Other challenges and approaches to addressing them are
described in the body of the report, but the committee believes that the
challenge of fostering true collaboration merited the emphasis that is pro-
vided in this preface. Successful transdisciplinary research that is conducted
on gene-social environment interaction could provide a way for us to rede-
fine how we think about health and disease. Such a redefinition, however, is
not a short trip going forward with a specific goal in mind; rather, it is a
journey that will require time and patience. This report and its recommen-
dations are intended to launch us on that journey.

Dan G. Blazer, Chair
Committee on Assessing Interactions Among Social,
Behavioral, and Genetic Factors in Health
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Summary

During the twentieth century, great strides were made in reducing dis-
ease and improving the health of individuals and populations. Public health
measures such as sanitation, improved hygiene, and vaccines led to major
reductions in mortality and morbidity (Turnock, 2001). Increased attention
to the hazards of the workplace resulted in reduced injuries and better
health for workers (IOM, 2003a). Advances in biomedical research helped
expand knowledge of disease and spurred the development of new clinical
and pharmaceutical interventions. More recently, the sequencing of the
human genome has provided information that holds the promise for further
improving human health.

Over the years a large body of evidence has emerged indicating
that social and behavioral factors such as socioeconomic status, smoking,
diet, and alcohol use are important determinants of health (Berkman
and Kawachi, 2000; IOM, 2000; Marmot and Wilkinson, 2006). Recent
studies also suggest that examining interactions among genetic and social-
environmental factors could greatly enhance understanding of health and
illness. For example, Caspi and colleagues (2003) found “evidence of a gene-
by-environment interaction, in which an individual’s response to environ-
mental insults is moderated by his or her genetic makeup.” In a study
showing how the social environment can influence biological response,
Manuck et al. (2005) found that the socioeconomic status of communities is
associated with variations in central nervous system serotonergic
responsivity, which may have implications for the prevalence of psychologi-
cal disorders and behaviors such as depression, impulsive aggression, and
suicide.

Copyright © National Academy of Sciences. All rights reserved.
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2 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

As part of a strategy to determine how best to integrate research priori-
ties to include an increased focus on the impact on health of interactions
among social, behavioral, and genetic factors, the National Institutes of
Health (NIH), Office of Behavioral and Social Sciences Research, in con-
junction with the National Human Genome Research Institute and the
National Institute of General Medical Sciences, requested that the Institute
of Medicine undertake a study to examine the state of the science on gene-
environment interactions that affect human health, with a focus on the
social environment.! The goal of the study was to identify approaches and
strategies to strengthen the integration of social, behavioral, and genetic
research and to consider the relevant training and infrastructure needs.
More specifically, NIH requested the following:

1. Review the state of the science on the interactions between the social
environment and genetics that affect human health.

2. Develop case studies that will demonstrate how the interactions of the
social environment and genetics affect health outcomes; illustrate the meth-
odological issues involved in measuring the interactions; elucidate the re-
search gaps; point to key areas necessary for integrating social, behavioral,
and genetic research; and suggest mechanisms for overcoming barriers.

3. Identify gaps in the knowledge and barriers that exist to integrating
social, behavioral, and genetic research in this area.

4. Recommend specific short- and long-term priorities for social and
behavioral research on gene-social environment interactions; identify
mechanisms that can be used to encourage interdisciplinary research in this
area.

5. Assess workforce, resource, and infrastructure needs and make ac-
tionable recommendations on overcoming barriers and developing mecha-
nisms to accelerate progress.

Chapter 2 of this report explores the impact of the social and cultural
environment on health, examining what we know about the influences of
these factors on health, and identifying the limitations of current research.
Genetic factors and their impact on health are examined in Chapter 3,
which focuses on what is known or theorized about the direct link between
genes and health and what still must be explored to understand the environ-
mental interactions and relative roles among genes that contribute to health
and illness. The impact of behavioral factors on health is explored in Chap-

IFor purposes of the study, sponsors clarified that the term social environment refers to the
relations among people as individuals and in societies and not environmental conditions such
as global warming and toxic waste, even if they result from human activities.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11693.html

ironment: Moving Beyond the Nature/Nurture Debate

SUMMARY 3

ter 4. While research on the impact of interactions has the potential to
further the understanding of disease risk and aid in the development of
effective interventions to improve the health of individuals and popula-
tions, there is a dearth of research that encompasses all three domains.
Much remains to be learned about how these factors interact to impact
health, including the most basic concept of defining interaction and how it
can be characterized. Because greater etiological understanding is needed to
identify future clinical research and develop effective interventions aimed at
improving health outcomes, the committee focused its efforts on etiological
research.

RECOMMENDATIONS

The recommendations discussed below are designed to explicate and
facilitate research on the impact on health of interactions among social,
behavioral, and genetic factors. Each recommendation is followed by a
chapter number in which additional discussion related to the recommenda-
tion can be found.

Transdisciplinary Research

Contributions from research conducted over the past few decades, in-
cluding the sequencing of the human genome, are pushing scientists to
move beyond examining single agents of health and disease to a broader
systems view, which is based on the understanding that health outcomes are
the result of multiple determinants and their interactions (Lalonde, 1974;
Evans and Stoddard, 1990; Kaplan et al., 2000; IOM, 2003a; IOM, 2003b).
Understanding the associations between health and interactions among so-
cial, behavioral, and genetic factors requires research that embraces the
systems view and includes an examination of the interactive pathways
through which these factors operate to affect health.2 Such research re-
quires the participation of scientific investigators from a variety of different
fields and a shift in focus from efforts that are dominated by single disci-
plines to research that involves collaborative participation of scientists with
various expertise at all stages of the research process. While interdiscipli-
nary research focuses on answering questions of mutual concern to those
from various disciplines and multidisciplinary research involves research
questions of both mutual and separate interest to participating investiga-

2Interactive physiological pathways pass information from the social world to genes and
play a central role in understanding gene-environment interactions.
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4 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

tors, transdisciplinary research “implies the conception of research ques-
tions that transcend the individual departments or specialized knowledge
bases because they are intended to solve research questions that are, by
definition, beyond the purview of the individual disciplines” (IOM, 2003b).
Therefore, the committee makes the following recommendation:

Recommendation 1: Conduct Transdisciplinary, Collaborative Re-
search. The NIH should develop Requests for Applications (RFAs)
to study the impact on bealth of interactions among social, behav-
ioral, and genetic factors and their interactive pathways (i.e., physi-
ological). Such transdisciplinary research should involve the genuine
collaboration of social, behavioral, and genetic scientists. Genuine
collaboration is essential for the identification, incorporation, analy-
sis, and interpretation of the multiple variables used. (Chapter 6)

Key social variables which have been linked consistently and robustly to
health outcomes include educational attainment, income and wealth, occupa-
tional status, social networks/social support, and work conditions. Well-
established behavioral and psychological variables that affect health out-
comes include tobacco/alcohol/drug use, eating behavior, physical activity,
temperament, perceived stress and coping, perceived social support, emo-
tional state, and motivation. Essential genetic factors affecting health include
the DNA sequence variation, structural chromosomal changes, gene expres-
sion, epigenetic modifications, and downstream targets of gene expression.

In the search for a better understanding of genetic and environmental
interactions as determinants of health, certain fundamental aspects of hu-
man identity (i.e., sex/gender and race/ethnicity) pose both a challenge and
an opportunity for clarification. However because sex/gender and race/
ethnicity are more complicated than they appear, they need to be consid-
ered and analyzed from a variety of perspectives, including social, cultural,
psychological, historical, political, genetic, and geographic/ancestral.

Relevant physiological measurements and pathways should also be con-
sidered. Understanding the pathways through which interactions operate
will aid in identifying links between major levels of organization of living
systems: social groups of individuals, individuals composed of physiologi-
cal systems, physiological systems composed of cells, and cells composed of
molecules, especially DNA. Ultimately the results of such research may help
to identify where to intervene along the causal chains and pathways be-
tween the social world and genes that cause disease in order to improve
health outcomes.

Many determinants of health are not static, that is, they influence
health in a variety of ways throughout the life course. For example, poverty
may differentially and independently affect the health of an individual at
different stages of life (e.g., in utero, during infancy and childhood, during

Copyright © National Academy of Sciences. All rights reserved.
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SUMMARY 5

pregnancy, or during old age). Personality traits and psychological status
are also known to change over the lifespan and have potential to affect
health. In addition to these well-established factors, a growing body of
research has documented associations between cultural factors and health
(Berkman and Kawachi, 2000). The influence of social, behavioral, and
genetic factors on health involves dimensions of both time (critical stages in
the life course and the effects of cumulative exposure) and the context or
culture within which variables operate to influence health outcomes. There-
fore, the committee makes the following recommendation:

Recommendation 2: Measure Key Variables Over the Life Course
and Within the Context of Culture. The NIH should develop RFAs
for studies of interactions that incorporate measurement, over the
life course and within the context of culture, of key variables in

the important domains of social, bebavioral, and genetic factors.
(Chapter 6)

Modeling Strategies

For the most part research has taken a linear approach when examining
the link between a particular set of variables (e.g., social-environmental or
genetic variables) and health. Yet, there remains the need to connect and
integrate knowledge across multiple determinants of health in order to
understand the mechanisms of integration (for example, how social factors
are translated into physiological effects on cellular responses, including
changes in gene expression). Future studies should recognize that a linear
approach does not reflect the integrated nature of how health outcomes are
generated. Therefore, the committee recommends the following:

Recommendation 3: Develop and Implement New Modeling Strat-
egies to Build More Comprehensive, Predictive Models of Etio-
logically Heterogeneous Disease. The NIH should emphasize re-
search aimed at developing and implementing such models (e.g.,
pattern recognition, multivariate statistics, and systems-oriented
approaches) for incorporating social, bebavioral, and genetic fac-
tors and their interactive pathways (i.e., physiological) in testable

models within populations, clinical settings, or animal studies.
(Chapter 6)

With approximately 30,000 genes in the human genome, most genes
are likely to serve different functions at different times in different environ-
ments (McClintock et al., 2005). The ability to measure and evaluate differ-
ential gene expression has the potential to provide important insights into
the study of health and disease. Alterations in DNA sequence and gene
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expression can be modified at different points throughout the life course,
dictating variation in protein levels and functionality, as well as subsequent
levels of metabolic products that are associated with those proteins. These
factors can be measured through the use of genomic, transcriptomic,
proteomic, and metabonomic technologies. However, further development
of these technologies is needed to allow researchers to accurately study the
molecular systems that interact with social and behavioral variables to
influence health outcomes (see Chapter 6 for a more detailed discussion of
these technologies). Thus, the committee recommends the following:

Recommendation 4: Investigate Biological Signatures. Researchers
should use genomic, transcriptomic, proteomic, metabonomic, and
other high-dimensional molecular approaches to discover new con-
stellations of genetic factors, biomarkers, and mediating systems
through which interactions with social environment and bebavior
influence health. (Chapter 6)

The context or culture within which individuals exist also is known to
exert influence on health outcomes. Relevant social and cultural environ-
ments include not only an individual’s immediate personal environment
(e.g., his/her family), but also the broader social contexts such as the com-
munity in which a person resides. Health psychologists are increasingly
calling attention to the critical role of sociocultural context, a necessary
factor to consider if efforts to modify risk behaviors are to be effective.
Different subgroups may have different genetic backgrounds, as well as vary-
ing cultural or socioeconomic characteristics that influence patterns of behav-
ior, thereby creating a correlation between genotype and environmental ex-
posure. Furthermore, it may be found that polymorphisms occurring in
genotypes that act as destructive or protective factors for disease and health
may be created, modified, or triggered by cultural and contextual factors. It is
important to determine if research findings are applicable beyond a small
population, and to capitalize on unique gene-environment interactions that
could contribute to a broader understanding of factors, mechanisms, and
processes. Therefore, the committee recommends the following:

Recommendation 5: Conduct Research in Diverse Groups and
Settings. The NIH should encourage research on the impact of
interactions among social, behavioral, and genetic factors and their
interactive pathways (i.e., physiological) on health that empha-
sizes diversity in groups and settings. Furthermore, NIH should
support efforts to ensure that the findings of such research are
validated by replication in independent studies, translated to
patient-oriented research, conducted and applied in the context of
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public bealth, and used to design preventive and therapeutic
approaches. (Chapter 6)

Use of Animal Models

Animal research studies are an important complement to clinical
and community-based research because they can serve as models for gene-
environment interactions and pathways of human disease. Animal models
can be used to conduct studies in which different aspects of social, behav-
ioral, and genetic variables can be controlled, standardized, or manipulated
to a significantly larger extent than can be accomplished in human studies.
These models also allow for the invasive examination of organ-, tissue-, and
region-specific mechanisms at the physiological, cellular, and molecular
levels. Animals with short reproductive cycles and life spans provide an
invaluable tool for conducting developmental and life-span studies, as well
as breeding experiments and genetic manipulation that facilitate the eluci-
dation of inherited traits and genetic effects. In some cases, animal models
provide opportunities to establish causality through studies examining the
temporal sequence of events, or studies involving removal followed by the
add-back of hypothesized mediators at the genetic, protein, physiological,
behavioral, or social environment level. Therefore, the committee makes
the following recommendation:

Recommendation 6: Use Animal Models to Study Gene-Social En-
vironment Interaction. The NIH should develop RFAs that use
carefully selected animal models for research on the impact on
bealth of interactions among social, behavioral, and genetic factors
and their interactive pathways (i.e., physiological). (Chapter 7)

Research Design and Analysis

A clear formulation of the concept of “interaction” and an understand-
ing of research designs that can be used to test for interactions are central to
making progress in assessing the impact on health of interactions. Statistical
tests for interaction are entirely dependent on the measurement scale (e.g.,
additive or multiplicative) used to evaluate the effects of different factors on
health. Use of different measurement scales can lead to substantively differ-
ent conclusions about whether or not interaction is present, and therefore,
to different recommendations for intervention. Thus, determining the mea-
surement scale is critical to the design of future studies and to the interpre-
tation of their results. The choice of measurement scale should not be based
on statistical convenience. Instead, it should be based on a theoretical model
for disease causation that is more closely tied to biology.
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Epidemiologists have built a conceptual framework for interaction
based on the counterfactual model and the sufficient-component cause
model (see Chapter 8 for discussion of these models). Beginning with this
conceptual framework, defined at the level of an individual, it is possible to
predict patterns of risk in the population when interaction is or is not
present. Such an analysis leads to the conclusion that an additive scale for
testing interaction more closely reflects the underlying biology than a mul-
tiplicative scale. That is, when two factors participate in the same sufficient
cause (interaction defined conceptually), disease risks in individuals with
both risk factors will be greater than expected from the additive effects of
each risk factor alone.

Currently, most of the statistical software commonly used for epide-
miologic analysis includes tests for interaction on a multiplicative scale but
not on an additive scale. Thus testing for interactions on an additive scale
requires the development of new, accessible statistical software. Also, tests
for interaction require extremely large sample sizes; hence multisite col-
laborations may be required in order to assemble databases of sufficient
size that are needed to assure adequate statistical power. Additionally,
given the complexity in defining interaction and testing for it, new, efficient
study designs should be developed for testing interaction. Therefore, the
committee recommends the following:

Recommendation 7: Advance the Science of the Study of Interac-
tions. Researchers should base testing for interaction on a concep-
tual framework rather than simply the testing of a statistical model,
and they must specify the scale (e.g., additive or multiplicative)
used to evaluate whether or not interactions are present. If a mul-
tiplicative scale is used, consistency with an additive relation be-
tween the effects of different factors also should be evaluated. The
NIH should develop RFAs for research on developing study de-
signs that are efficient at testing interactions, including variations
in interactions over time and development. (Chapter 8)

Infrastructure

Research conducted to elaborate the impact of interactions among so-
cial, behavioral, and genetic factors on human health places several de-
mands on the research infrastructure. This infrastructure includes the hu-
man infrastructure (e.g., education and training), data, and incentives and
rewards.

The foundation of the research enterprise is the education of its re-
searchers. Given that advances in genomics have been recent—and the
challenge of incorporating genetic research with behavior and social factors
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is even more recent—it is likely that there are many current researchers who
have gaps in their scientific training. Furthermore, training is needed for
pre- and postdoctoral students. While universities (and high schools), NIH,
and other funders of research training share responsibility for educating
researchers, NIH, as the major funder of biomedical and behavioral research,
is poised to make major contributions to training a cadre of researchers to
conduct transdisciplinary research. Several existing mechanisms could be
used as is or modified to facilitate the education of investigators in trans-
disciplinary research. Therefore, the committee recommends the following:

Recommendation 8: Expand and Enhance Training for Transdisci-
plinary Researchers. The NIH should use existing and modified
training tools both to reach the next generation of researchers and
to enhance the training of current researchers. Approaches include
individual fellowships (F31, F32) and senior fellowships (F33),
transdisciplinary institutional grants (T32, T90), and short courses.
(Chapter 9)

The study of interactions presents a significant need for datasets that
provide information across multiple disciplines, thus allowing the evalua-
tion of gene-environment interactions. Datasets to study such interactions
are typically large, difficult to collect, and costly. Therefore, it is important
to support the development and use of datasets that can be shared among a
wide audience of researchers.

Datasets that already include biological and genetic measures could be
augmented to include social and behavioral variables. However, these addi-
tions must not only be feasible, but more importantly, they must be scien-
tifically compelling. Alternatively, new datasets with the necessary vari-
ables could be developed. For example, health conditions or diseases could
be identified for which there is a suspected or known genetic contribution,
behavioral factors are likely to be involved, and hypotheses have been
formed regarding the role of social factors.

Because there is a significant need for datasets that provide information
for the three domains discussed (social, behavioral, and genetic factors), the
committee recommends the following:

Recommendation 9: Enhance Existing and Develop New Datasets.
The NIH should support datasets that can be used by investigators
to address complex levels of social, bebavioral, and genetic vari-
ables and their interactive pathways (i.e., physiological). This
should include the enhancement of existing datasets that already
provide many, but not all, of the needed measures (e.g., the Na-
tional Longitudinal Survey of Youth, ADDHealth) and the en-
couragement of their use. Furthermore, NIH should develop new
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datasets that address specific topics that have high potential for
showing genetic contribution, social variability, and bebavioral

contributions—topics such as obesity, diabetes, and smoking.
(Chapter 9)

The report Facilitating Interdisciplinary Research (NAS/NAE/IOM,
2004) outlined several key conditions for effective interdisciplinary research,
including “sustained and intense communication, talented leadership, appro-
priate reward and incentive mechanisms (including career and financial re-
wards), adequate time, seed funding for initial exploration, and willingness to
support risky research.” The committee believes that these same conditions
apply to transdisciplinary research. Although aspects of university function-
ing, such as rewards and incentives, are not within the purview of NIH, they
may ultimately affect the ability of NIH to find researchers who can conduct
the kind of transdisciplinary research that is envisioned here.

One major challenge is acknowledging multiple investigators on team
projects. The recent NIH announcement of plans to recognize multiple
Principal Investigators represents a significant advancement in providing
external recognition for members of research teams. As NIH explores such
new approaches, the next step would be for universities to use that informa-
tion in ways that would ensure that the impact of the incentives and re-
wards are felt at the campus level, such as the credit toward promotion and
tenure that accrues to those who participate in such projects.

Scientific peer review of research applications also is a key step in-
volved in the support of any area of research. It is not uncommon to hear
investigators lament that transdisciplinary projects have difficulty in under-
going the peer review process. An important goal, therefore, is to ensure
that transdisciplinary work is fairly reviewed and truly valued throughout
the review process. It is not enough to simply place people from different
disciplines on a review group. Specific steps need to be taken to ensure that
reviewers will be able to appreciate the transdisciplinary nature or goals of
a proposal. These steps include selecting reviewers who have engaged in
transdisciplinary work and training reviewers about its importance and the
differences between transdisciplinary research and other types of research.

Approaches to advance the field of transdisciplinary research need to
be systematically applied toward the goal of fostering a type of research
that has inherent scientific challenges and that faces specific institutional
hurdles. Therefore, the committe makes the following recommendation:

Recommendation 10: Create Incentives to Foster Transdisciplinary
Research. The NIH and universities should explore ways to create
incentives for the kinds of team science needed to support trans-
disciplinary research. Areas to address include (1) hiring, promo-
tion, and tenure policies that acknowledge the contributions of
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collaborators on transdisciplinary teams; (2) peer review that in-
cludes reviewers who have experience with inter- or transdisciplin-
ary research and are educated about the complexity and challenges
involved in such research; (3) mechanisms for peer review of
research granmts that ensure the appropriate evaluation of trans-
disciplinary research projects; and (4) credit for collaborators in
teams, such as NIH acknowledgement of co-investigators and uni-
versity sharing of incentive funds. (Chapter 9)

Ethical, Legal, and Social Implications

Several important ethical and legal issues need to be addressed when
considering information produced by research assessing the impact on
health of interactions among social, behavioral, and genetic factors. Al-
though these issues apply to all types of research, they are especially sensi-
tive when considering the transdisciplinary research discussed in this re-
port. First is the issue of conveying complex scientific findings accurately to
the public, policymakers, and other researchers. Claims about scientific
findings are at times simplified and even exaggerated, sometimes because of
the complexity of the concepts or because of economic and social pressures
to emphasize the significance of findings in easily understandable terms.
These difficulties are compounded by the fact that the media, understand-
ably, prefers straightforward, easy-to-deliver messages. However, failure to
convey the limitations and complexity of scientific findings has a significant
impact, because beliefs about causation of health and disease affect the
allocation of responsibility and resources, which has ethical and social
implications.

Another issue of concern is the development of policy based on scientific
findings. The array of factors that must be considered in deciding how to use
the knowledge gained from research on gene-environment interactions in
developing social policy is very broad and extends far beyond the science
itself and into a variety of social and ethical considerations. To address
difficulties in how individuals and groups understand complex scientific find-
ings, as well as the potential impact such findings could have on policy
development, the committee makes the following recommendations:

Recommendation 11: Communicate with Policymakers and the
Public. Researchers should (1) be mindful of public and policy-
makers’ concerns, (2) develop mechanisms to involve and inform
these constituencies, (3) avoid overstating their scientific findings,
and (4) give careful consideration to the appropriate level of com-
munity involvement and the level of community oversight needed
for such studies. (Chapter 10)
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In addition to research assessing the impact on health of interactions
among social, behavioral, and genetic factors and their interactive pathways
(i.e., physiological), improving health also requires individuals to act upon
research findings. Therefore, the committee recommends the following;:

Recommendation 12: Expand the Research Focus. The NIH should
develop RFAs for research that elucidate how best to encourage
people to engage in health-promoting behaviors that are informed by
a greater understanding of these interactions, how best to effectively
communicate research results to the public and other stakeholders,
and how best to inform research participants about the nature of the
investigation (gene-environment interactions) and the uses of data
following the study. (Chapter 10)

According to the Criteria for IRB Approval of Research (45 CFR
§ 46.111(a)(7) (2006)), Institutional Review Boards (IRBs) are responsible
for ensuring, where appropriate, the protection of research participants’
privacy and the data regarding them. Studying the impact of interactions
among social, behavioral, and genetic factors on health requires the collec-
tion of information about relevant DNA variants as well as clinical or other
phenotypic information. This often includes sensitive personal behavior
information and social factors. The risk to research participants could be
substantial if such information is accessed by people and institutions out-
side the study. Given the sensitivity of such research and its implications, it
is of primary importance to address the issues of data sharing and informed
consent. Therefore, the committee makes the following recommendations:

Recommendation 13: Establish Data-Sharing Policies That Ensure
Privacy. IRBs and investigators should establish policies regarding
the collection, sharing, and use of data that include information
about (1) whether and to what extent data will be shared; (2) the
level of security to be provided by all members of the research team
as well as the research and administrative process; (3) the use of
state-of-the-art security for collected data, including, but not lim-
ited to, NIH’s Certificates of Confidentiality; (4) the use of formal
criteria for identifying the circumstances under which individual
research results will be revealed; and (5) how, before sharing data
with others, recipients must agree to use data only in ways that are
consistent with those agreed to by the research participants. Fur-
thermore, if a mechanism to identify individual research partici-
pants is retained in the database, IRBs and investigators should
consider whether to contact participants prior to initiating research
on new hypotheses or other new research. (Chapter 10)
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Recommendation 14: Improve the Informed Consent Process. Re-
searchers should ensure that informed consent includes the follow-
ing: (1) descriptions of the individual and social risks and benefits
of the research; (2) the identification of which individual results
participants will and will not receive; (3) the definition of the pro-
cedural protections that will be provided, including access policies
and scientific and lay oversight; and (4) specific security, privacy,
and confidentiality protections for protect the data and samples of
research participants. (Chapter 10)

CONCLUDING REMARKS

This report is intended to encourage and facilitate the growth of trans-
disciplinary research on the impact on health of interactions among social,
behavioral, and genetic factors. Such research could further understanding
of disease risk and aid in the development of effective interventions to
improve the health of individuals and populations. Yet, achieving such
understanding is not a short-term effort. Immediate priorities for action
include training investigators in transdisciplinary research, expanding and
developing datasets that include social, behavioral, and genetic variables
(measured over the life course), developing new research strategies, and
attending to the important ethical, legal, and social implications of such
research. Such steps will facilitate the conduct of hypothesis-generating
research to identify high-priority areas for study, which will then lead to
targeted studies of interactions focused on specific health outcomes.

Health outcomes are multidetermined and result from complex interac-
tions of many factors over time. Yet, the study of health outcomes has been
driven primarily by disciplines that focus upon their own unique areas of
expertise. If the study of health outcomes is to advance, investigators must
break out of these disciplinary “silos” and attack the determinants of health
in concert.
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Introduction

Why are some people healthy and others not? It seems a simple question.
The answers, however, are complex and have to do not only with disease
and illness, but also with who we are, where we live and work, and the
social and economic policies of our government, all of which play a role
in determining our health.
Institute of Medicine. The Future of the
Public’s Health in the 21st Century, 2003.

In recent years, attempts to determine why some people are healthy
while others experience pain and illness most often have focused on the
biological aspects of health. Biomedical research has contributed enor-
mously to our knowledge of disease and to the development of new medical
technologies and clinical and pharmaceutical interventions that improve
the lives of so many. Most recently, the mapping of the human genome has
uncovered new information about the association of genomics with disease.
As Guttmacher and Collins have noted, “Genomics, which has quickly
emerged as the central basic science of biomedical research, is poised to
take center stage in clinical medicine as well” (Guttmacher and Collins,
2004).

Yet, over the years a large body of evidence also emerged that indicates
that “almost half of all causes of mortality in the United States are linked to
social and behavioral factors such as smoking, diet, alcohol use, sedentary
life-style, and accidents” (IOM, 2000). Few diseases or conditions are
caused purely by genetic factors; most are the result of interactions between
genetic and environmental factors. Therefore, in order to continue to ex-
pand our knowledge of how to improve the health of individuals and
populations, it becomes imperative to conduct research that explores how
the interactions among social, behavioral, and genetic factors affect health.
As a result, many are now engaged in attempts to determine how best to
integrate research priorities to include a greater focus on these factors.

The National Institutes of Health (NIH), Office of Behavioral and
Social Sciences Research, in conjunction with the National Human Genome

15
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Research Institute and the National Institute of General Medical Sciences
requested that the Institute of Medicine (IOM) undertake a study to exam-
ine the state of the science on gene-environment interactions that affect
human health, with a focus on the social environment.! The study was to
identify approaches and strategies to strengthen the integration of social,
behavioral, and genetic research and to consider the relevant training and
infrastructure needs. More specifically, the study was to:

1. Review the state of the science on the interactions between the social
environment and genetics that affect human health.

2. Develop case studies that will demonstrate how the interactions of the
social environment and genetics affect health outcomes; illustrate the meth-
odological issues involved in measuring the interactions; elucidate the re-
search gaps; point to key areas necessary for integrating social, behavioral,
and genetic research; and suggest mechanisms for overcoming barriers.

3. Identify gaps in the knowledge and barriers that exist to integrating
social, behavioral, and genetic research in this area.

4. Recommend specific short- and long-term priorities for social and
behavioral research on gene-social environment interactions; identify
mechanisms that can be used to encourage interdisciplinary research in this
area.

5. Assess workforce, resource, and infrastructure needs and make ac-
tionable recommendations on overcoming barriers and developing mecha-
nisms to accelerate progress.

In response to the NIH request, IOM established the Committee on
Assessing Interactions Among Social, Behavioral, and Genetic Factors in
Health. (See Appendix A for a discussion of committee methodology and
Appendix G for biographical sketches of committee members.)

Assessing the impact on health of interactions among social, behav-
ioral, and genetic factors is an emerging and complex field. Much remains
to be learned about how these factors interact to impact health, including
the most basic concept of defining interaction and how it can be character-
ized. Because there is a need for greater etiological understanding in order
to identify future clinical research or develop effective interventions aimed
at improving health outcomes, the committee has focused its efforts and
this report on etiological research.

Of primary importance to the work of the committee was the recogni-

IFor purposes of the study, sponsors clarified that the term social environment refers to the
relations among people as individuals and in societies and not to environmental conditions
such as global warming and toxic waste even if they result from human activities.
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tion that multiple determinants contribute to the health of individuals and
populations. Furthermore, the committee emphasized the development of a
common understanding of concepts and terms crucial to advancing our
understanding of the interaction of multiple determinants of health.

DETERMINANTS OF HEALTH

The definition of health has evolved over time, as has its measurement.
Because health cannot be measured directly, a number of variables have
been used as indicators of the concept of health. Prior to the mid-1900s,
negative indicators such as mortality and disease rates were used—with the
idea that the lower the rate, the healthier the population. Mortality or
disease rates continue to be used as broad indicators when comparing
populations—such as infant mortality rates or rates of specific diseases.
However, a view of health as something much broader than the mere
absence of disease has led to an evolution in thinking about the framework
for health determinants.

One such framework was developed by Lalonde (1974) and includes
environment, lifestyle, human biology, medical care, and health care orga-
nization as major determinants of health. The Lalonde framework recog-
nized the importance of individual risk factors to health and led to further
analysis and exploration of these factors’ impact on health. A more com-
plex model developed by Evans and Stoddart (1990) suggested a new frame-
work for health determinants:

It should accommodate distinctions among disease, as defined and treated
by the health care system, health and functioning, as perceived and expe-
rienced by individuals, and well-being, a still broader concept to which
health is an important but not the only, contributor. It should . . . permit
and encourage a more subtle and more complex consideration of both
behavioural and biological responses to social and physical environments.

Since the work of Evans and Stoddart, a number of models of health
determinants have been developed. A 1999 IOM report explored core con-
cepts of health, proposing a model of determinants that illustrated how
individual characteristics (biology and life course, lifestyle and health be-
havior, illness behavior, personality and motivation, and values and prefer-
ences) and environmental characteristics (social and cultural, economic and
political, physical and geographic, and health and social care) influence
health-related quality of life (symptoms, functional status, health percep-
tions, and opportunity) (IOM, 1999).

Kaplan and colleagues (2000) proposed a framework that “builds
bridges between levels rather than attributing primary importance to one
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level or another.” Their multilevel approach to health determinants in-
cludes pathophysiological pathways, genetic/constitutional factors, indi-
vidual risk factors, social relationships, living conditions, neighborhoods
and communities, institutions, and social and economic policies as the
major forces that affect health. The Future of the Public’s Health (IOM,
2003a) and Who Will Keep the Public Healthy? (IOM, 2003b) emphasized
that improving the health of populations requires understanding the ecol-
ogy of health and the interconnectedness of the biological, behavioral,
physical, and socioenvironmental spheres.

For the purposes of developing this report, the committee has focused
its examination and analysis of factors on three major domains: social
factors, behavioral factors, and genetic factors. Furthermore, the committee
found it most useful to embrace a model that includes multiple determi-
nants of health that are related and linked in many ways. Such a model is
frequently referred to as an ecological model, because it emphasizes the
linkages and relationships among multiple factors (or determinants) affect-
ing health. As noted by IOM (2003b):

An ecological model assumes that health and well-being are affected by
interaction among multiple determinants including biology, behavior,
and the environment. Interaction unfolds over the life course of individ-
uals, families, and communities, and evidence is emerging that societal-
level factors are critical to understanding and improving the bealth of

the public.

An ecological model, therefore, provides the appropriate framework
for assessing the impact on health of interactions among social, behavioral,
and genetic factors.

Despite the fact that a complex interplay of factors influences vulner-
ability and resistance to disease, “the vast majority of the nation’s health
research resources have been directed toward biomedical research endeav-
ors” (IOM, 2000). However, recent studies suggest that research on inter-
actions of genetics with social-environmental factors is essential to under-
standing health and illness. For example, Caspi and colleagues (2003) found
“evidence of a gene-by-environment interaction, in which an individual’s
response to environmental insults is moderated by his or her genetic
makeup.” In another study, Manuck et al. (2005) found that the socioeco-
nomic status of communities is associated with variations in central ner-
vous system serotonergic responsivity, which may have implications on the
prevalence of psychological disorders and behaviors such as depression,
impulsive aggression, and suicide.

Various pathway diagrams have been developed to represent the many
ways in which social, behavioral, and genetic factors influence health. How-
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ever, it is the committee’s hope that, no matter which model one chooses,
the discussion and recommendations set forth in this report will facilitate
efforts to examine the interaction of multiple determinants on health, with
a specific emphasis upon the interaction of the social environment and
behavior with the genome.

TRANSDISCIPLINARY RESEARCH

To conduct research on interactions requires a shift in focus from
research that is dominated by single disciplines—even when their work is
complementary—to transdisciplinary research. “Transdisciplinary research
involves broadly constituted teams of researchers that work across disci-
plines in the development of the research questions to be addressed” (IOM,
2003b). While interdisciplinary research focuses on answering a question of
mutual concern to those of various disciplines, and multidisciplinary re-
search involves research on questions of both mutual and separate interest
to participating investigators, transdisciplinary research “implies the con-
ception of research questions that transcend the individual departments or
specialized knowledge bases because they are intended to solve . . . research
questions that are, by definition, beyond the purview of the individual
disciplines” (IOM, 2003b). Transdisciplinary research calls for the various
disciplines involved to work together as a team to define the nature of the

problem to be resolved. As stated in the above mentioned IOM report
(2003b):

The practical ramifications of such an approach are that the disciplines
will no longer function like “silos” that exist side-by-side, deeply rooted
in their respective traditions. Rather, these disciplines will involve more
broadly constituted and integrated “teams.”

In other words, in transdisciplinary research all of the disciplines in-
volved are forced to change the ways in which they think about the prob-
lem, which in turn requires a transformation in the training of a cadre of
new investigators, as well as new training for experienced investigators.
Making this shift may be the most difficult challenge that is involved in
studying the interaction of the genome and the social environment.

Developing teams of scientists who can engage in and conduct the
necessary transdisciplinary research presents several practical difficulties.
For example, researchers from different disciplines must be able to under-
stand and value one another’s language, concepts, and methods. Addition-
ally, sources of data that support such transdisciplinary efforts must be
developed or enhanced. Nowhere are the difficulties of transdisciplinary
research better illustrated than when attempting to develop research efforts
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that addresses the impact of interactions among social, behavioral, and
genetic factors. Such research could include research scientists from the
fields of anthropology, sociology, psychology, genetics, molecular biology,
biostatistics, and epidemiology.

Unfortunately, barriers to conducting effective transdisciplinary re-
search exist within the institutions that prepare researchers, which are, for
the most part, organized along single discipline departmental lines. In this
system, promotion and rewards within the institution flow from the depart-
ments, each of which tends to value most highly the research and teaching
that is conducted within its particular sphere. In addition, faculty members
within these institutions do not have the knowledge and skills that are
needed to engage in transdisciplinary research or teaching. Even when the
results from such research emerge, there are not enough “peers” available
to evaluate those results because most scientists and reviewers, while firmly
grounded in their respective disciplines, are not sufficiently grounded in the
other disciplines that may be involved in the research.

The report by the National Academy of Sciences/National Academy of
Engineering/Institute of Medicine Facilitating Interdisciplinary Research
(NAS/NAE/IOM, 2004) outlines several changes that are needed to foster
interdisciplinary research, many of which also could be applied to attempts
to facilitate transdisciplinary research, such as overcoming institutional
barriers related to policies that govern hiring, promotion, tenure, and re-
source allocation. Furthermore, that report suggests that much can be
learned from industry and national laboratories that organize research ef-
forts around the problems they wish to address rather than by discipline.
(See Appendix B for a complete list of recommendations from the report on
interdisciplinary research.)

COMMISSIONED PAPERS

The committee commissioned papers to examine areas that might prove
fruitful for investigation of the impact on health of the interaction among
social, behavioral, and genetic factors. In the paper on obesity (see Appen-
dix C), Myles S. Faith and Tanya V.E. Kral present evidence that genetic
and social-environmental factors promote obesity through their indepen-
dent influences on intermediary behavioral variables. Robert J. Thompson,
Jr., in his study of sickle cell anemia (a Mendelian single-gene disorder)
found that the severity of the symptoms of this disease is influenced by
social and behavioral factors. He found that stress (primary related to
dealing with daily hassles) and stress processing (primarily in relation to
cognitive appraisals and attributions, coping methods, and family support)
is associated with variability in the manifestation of sickle cell disease (see
Appendix D). The paper on interactions prepared by Sharon Schwartz
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(Appendix E) explores new ways of thinking about biologic interaction. A
paper on immunology prepared by Steve W. Cole discusses what is known
about the interaction between genes and the social environment in the
context of immune system function.

Each of these papers, as well as additional analysis and synthesis of
information conducted by committee members, points to the need for re-
search on the interactions among social, behavioral, and genetic factors and
their impact on health.

CONTEXT

In its charge to the committee, NIH sponsors defined social environ-
ment as the relations among people as both individuals and in societies. The
term was not defined in a way that included environmental conditions such
as global warming and toxic waste, even if they result from human activi-
ties. The committee has chosen to emphasize certain variables of the social
environment as having high potential for research about interactions, both
because there is a large body of evidence that examines the impact of these
variables on health and because there exist well-established and well-
accepted measures for the investigation of these variables. These variables
are socioeconomic status, racelethnicity, social networks/social support,
and the psychosocial work environment. Furthermore, the committee de-
termined that the life course perspective is crucial when studying interac-
tions because, as stated in Chapter 2, “the influence of social and cultural
variables on health involves dimensions of both time (critical stages in the
life course and the effects of cumulative exposure) as well as place (multiple
levels of exposure).” Chapter 2 explores the impact of the social and cul-
tural environment on health, providing definitions, examining what we
know about the influences of these factors on health, and identifying the
limitations of current research.

Genetic factors and their impact on health are examined in Chapter 3,
which focuses on what is known or theorized about the direct link between
genes and health and what still must be explored to understand the environ-
mental interactions and relative roles among genes that contribute to health
and illness. This chapter describes simple Mendelian patterns of disease
inheritance and also explores genetic susceptibility to disease as the conse-
quence of the joint effects of many genes, each with small to moderate
effects and often with interaction among themselves and the environment
that give rise to the distribution of disease risk that is seen in a population.
It also includes a discussion of epigenetic phenomenon, mechanisms of gene
expression and regulation, aspects of health influenced by genetics, and the
limitations of current research on the interactions of genetic factors with
social and behavioral factors.
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The impact of bebavioral factors on health is explored in Chapter 4.
The term behavior includes two components. First are observable behaviors
that influence health, including smoking, drinking, drug use, diet, and exer-
cise. Such factors are frequently referred to as risk factors. The second
component includes certain psychological characteristics, including cogni-
tive and emotional function and resilience. The discussion of behavioral
and psychological states includes an examination of stress and coping, and
it identifies the limits of current research on the interactions of behavioral
factors with genetics and social factors.

The search for a better understanding of genetic and environmental
interactions as determinants of health has revealed some fundamental yet
complex aspects, or traits, of human identity that pose a challenge to re-
searchers, but also provide an opportunity for clarification. Chapter 5 dis-
cusses two such complex traits: sex/gender and race/ethnicity. These traits
are particularly useful and important because they have clear social dimen-
sions that need to be taken into account in order to understand their impact
on health, and each has genetic underpinnings to varying degrees. As dis-
cussed earlier, the committee believes that research on the impact of inter-
actions among social, behavioral, and genetic factors on health must be
conducted from a life course perspective:

As a concept, a life course is defined as “a sequence of socially defined
events and roles that the individual enacts over time” (Giele and Elder,
1998).

These events and roles do not necessarily proceed in a given sequence, but
rather constitute the sum total of the person’s actual experience. Thus the
concept of life course implies age-differentiated social phenomena distinct
from uniform life-cycle states and the life span (Families.com, 2003).

Chapter 6 discusses how future research needs to reflect the integrated
nature of the social and physical environment and gene function that is the
salient feature of biological systems, describing the variety of models needed
in light of the fact that rarely is there a one-to-one relationship between
genes and a trait.

The use of animal models for understanding interactions is explored in
Chapter 7, which describes what can be learned from animal models about
how social systems regulate physiological systems and gene functions, pre-
sents criteria for the conduct of animal models, and describes the limita-
tions of and power for generalizations from animal studies.

Chapter 8 explores research design and analysis approaches for the
study of interactions. This chapter defines types of interactions, provides an
example of the systems or pathways through which the social environment
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affects health—including behavioral, physiological, cellular, and genetic
paths—and discusses models through which genes and the social environ-
ment could affect health. It also describes a progression of studies that
could be used to study each of these models and discusses statistical issues
related to testing gene-environment interactions.

Chapter 9 addresses infrastructure needs. It examines three aspects of
infrastructure: education, data, and incentives and rewards. The discussion
explores ways in which existing mechanisms can be focused to strengthen
the infrastructure and also examines potential new mechanisms that could
be developed.

Chapter 10 addresses ethical and social implications, focusing on such
factors as the need for transparency in research and exploring the level of
general public understanding of research on interactions, the disclosure of
research results to participants, the social meaning of the research that is
conducted, and the challenges of data privacy and availability. Chapter 11,
the final chapter, briefly summarizes the main points of the study and
presents the conclusions of the report.

GOALS OF THE REPORT

The primary goals of this report are to provide a research framework
for assessing the impact of interactions among social, behavioral, and ge-
netic factors on health, to identify and make recommendations about infra-
structure needs and options, and to emphasize the importance of integrat-
ing the ethical and social implications into all research involving these
interactions.

CONCLUSION

Research assessing the impact of interactions among social, behavioral,
and genetic factors on health holds great promise for helping explicate
some of the complex relationships between health outcomes and the myriad
multiple determinants of health. The findings of such research may well
assist us in devising interventions that will benefit both individuals and the
larger populations and groups within society.
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The Impact of Social and Cultural
Environment on Health

DEFINING THE SOCIAL AND CULTURAL ENVIRONMENT

Health is determined by several factors including genetic inheritance,
personal behaviors, access to quality health care, and the general external
environment (such as the quality of air, water, and housing conditions). In
addition, a growing body of research has documented associations between
social and cultural factors and health (Berkman and Kawachi, 2000;
Marmot and Wilkinson, 2006). For some types of social variables, such as
socioeconomic status (SES) or poverty, robust evidence of their links to
health has existed since the beginning of official record keeping. For other
kinds of variables—such as social networks and social support or job
stress—evidence of their links to health has accumulated over the past 30
years. The purpose of this chapter is to provide an overview of the social
variables that have been researched as inputs to health (the so-called social
determinants of health), as well as to describe approaches to their measure-
ment and the empirical evidence linking each variable to health outcomes.

It should be emphasized at the outset that the social determinants of
health can be conceptualized as influencing health at multiple levels through-
out the life course. Thus, for example, poverty can be conceptualized as an
exposure influencing the health of individuals at different levels of organi-
zation—within families or within the neighborhoods in which individuals
reside. Moreover, these different levels of influence may co-occur and inter-
act with one another to produce health. For example, the detrimental health
impact of growing up in a poor family may be potentiated if that family

25
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also happens to reside in a disadvantaged community (where other families
are poor) rather than in a middle-class community. Furthermore, poverty
may differentially and independently affect the health of an individual at
different stages of the life course (e.g., in utero, during infancy and child-
hood, during pregnancy, or during old age).

In short, the influence of social and cultural variables on health
involves dimensions of both time (critical stages in the life course and
the effects of cumulative exposure) as well as place (multiple levels of
exposure). The contexts in which social and cultural variables operate to
influence health outcomes are called, generically, the social and cultural
environment.

THE INFLUENCE OF SOCIAL AND CULTURAL VARIABLES ON
HEALTH: AN OVERVIEW OF PAST RESEARCH

In recent years, social scientists and social epidemiologists have turned
their attention to a growing range of social and cultural variables as ante-
cedents of health. These variables include SES, race/ethnicity, gender and
sex roles, immigration status and acculturation, poverty and deprivation,
social networks and social support, and the psychosocial work environ-
ment, in addition to aggregate characteristics of the social environments
such as the distribution of income, social cohesion, social capital, and
collective efficacy. Comprehensive surveys of current areas of research
in the social determinants of health can be found in existing textbooks
(Marmot and Wilkinson, 2006; Berkman and Kawachi, 2000). This chap-
ter focuses on presenting the key research findings for a few selected social
variables—SES, the psychosocial work environment, and social networks/
social support. These variables are highlighted because of their robust asso-
ciations with health status and their well-documented and reliable methods
of measuring these variables, and because there are good reasons to believe
that these variables interact with both behavioral as well as inherited char-
acteristics to influence health. Race/ethnicity, another set of important vari-
ables with robust associations to health, is addressed in Chapter 5.

SES and Health

An association between SES and health has been recognized for centu-
ries (Antonovsky, 1967). Socioeconomic differences in health are large,
persistent, and widespread across different societies and for a diverse range
of health outcomes. In the social sciences, SES has been measured by three
different indicators, taken either separately or in combination: educational
attainment, income, and occupational status. Although these measures are
moderately correlated, each captures distinctive aspects of social position,
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and each potentially is related to health and health behaviors through
distinct mechanisms.

Educational Attainment

Education is usually assessed by the use of two standard questions that
ask about the number of years of schooling completed and the educational
credentials gained. The quality of education also may be relevant to health,
but it is more difficult to assess accurately. An extensive literature has
linked education to health outcomes, including mortality, morbidity, health
behaviors, and functional limitations. The relationship between lower edu-
cational attainment and worse health outcomes occurs throughout the life
course. For example, infants born to Caucasian mothers with fewer than 12
years of schooling are 2.4 times more likely to die before their first birthday
than infants born to mothers with 16 or more years of education (NCHS,
1998). The pattern of association between maternal education and infant
mortality has been described as a “gradient,” with higher mortality risk
occurring with successively lower levels of educational attainment (NCHS,
1998). A similar pattern of educational disparities is apparent for all racial/
ethnic groups, including African American, Hispanic, American Indian,
and Asian/Pacific Islander infants (NCHS, 1998). Steep educational gradi-
ents also are observed for children’s health (e.g., cigarette smoking,
sedentarism and obesity, elevated blood lead levels), health in midlife (e.g.,
mortality rates between the ages of 25 and 64), and at older ages (the
prevalence of activity limitations resulting from chronic conditions such as
diabetes and hypertension) (NCHS, 1998).

An association between education and health in observational data
does not necessarily imply causation. For example, an association between
lower educational attainment and an increased risk of premature mortality
during midlife (even in longitudinal study designs) may partly reflect the
influence of reverse causation—that is, lower educational attainment in
adulthood may have been the consequence of serious childhood illness that
truncated the ability of a given individual to complete his/her desired years
of schooling (and which independently placed that person at higher risk of
premature mortality). Alternatively, the association between education and
health may partly reflect confounding by a third variable, such as ability,
which is a prior common cause of both educational attainment and health
status. Although highly unlikely, in the extreme case, if the association
between education and health is entirely accounted for by confounding
bias, then improving the individual’s level of schooling would do nothing to
improve his/her health chances.

The totality of the evidence suggests, nonetheless, that education is a
causal variable in improving health. Natural policy experiments—such as
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the passage of compulsory schooling legislation at different times in differ-
ent localities within the United States—suggest that higher levels of educa-
tion are associated with better health (lower mortality) (Lleras-Muney,
2002). In addition, randomized trials of preschool education, such as the
High/Scope Perry Preschool Project, indicate beneficial outcomes even in
adolescence and adulthood, such as fewer teenage pregnancies, lower rates
of high-school drop-out, and better earnings and employments prospects
(which may independently improve health chances) (Parks, 2000; Reynolds
et al., 2001). It is therefore likely that the association between schooling
and health reflects both a causal effect of education on health, as well as an
interaction between the level of schooling and inherited characteristics.
Several causal pathways have been hypothesized through which higher
levels of schooling can improve health outcomes. They include the acquisi-
tion of knowledge and skills that promote health (e.g., the adoption of
healthier behaviors); improved “health literacy” and the ability to navigate
the health care system; higher status and prestige, as well as a greater sense
of mastery and control, associated with a higher level of schooling (a psy-
chosocial mechanism); as well as the indirect effects of education on earn-
ings and employment prospects (Cutler and Lleras-Muney, 2006). Although
it is not established which of these pathways matter more for health, they
each are likely to contribute to the overall pattern of higher years of school-
ing being associated with better health status. Moreover, the evidence points
to the importance of improving access to preschool education as a means of
enhancing the health prospects of disadvantaged children (Acheson, 1998).

Income

The measurement of income is more complex than assessing educational
attainment. Survey-based questions inquiring about income must minimally
specify the following components: (a) time frame—for example monthly,
annually, or over a lifetime (in general, the shorter the time frame for the
assessment of income, the greater the measurement error); (b) sources, such
as wages and salary, self-employment income, rent, interest and dividends,
pensions and social security, unemployment benefits, alimony and near-cash
sources such as food stamps; (c) unit of measurement, that is, whether income
is assessed for the individual or the household (with appropriate adjustments
for household size in the latter case); and (d) whether it is gross or disposable
income (i.e., taking account of taxes and transfer payments). In addition to
the higher rate of measurement error for income (as compared to educational
attainment), this variable also is associated with higher refusal rates in sur-
veys that are administered to the general population.

As with education, an extensive literature has documented the associa-
tion between income and health. For example, even after controlling for
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educational attainment and occupational status, post-tax family income
was associated with a 3.6-fold mortality risk among working-age adults in
the Panel Study of Income Dynamics, comparing the top (>$70,000 in 1984
dollars) to the bottom (<$15,000) categories of income (Duncan et al.,
2002). The association between income and mortality also has been de-
scribed as a “gradient” (Adler et al., 1994). That is, the excess risks of poor
health are not confined simply to individuals below the official poverty
threshold of income. Rather, an individual’s chances of having good health
(e.g., avoiding premature mortality) improve with each incremental rise in
income (although the relationship is also steepest at lower levels of income
and tends to flatten out beyond incomes that are about twice the median
level).

Also, as with education, the causal direction of an association between
income and health does not entirely run from income — health. That is, the
relationship between the two variables is acknowledged to be dynamic and
reciprocal. Ill health is a potent cause of job loss and reduction in income.
Indeed, income as an indicator of SES is more susceptible to reverse causa-
tion than education, which tends to be completed in early adult life prior to
the onset of major causes of morbidity and functional limitations.

Nonetheless, tests of the income/health relationship in different datasets
suggest that lower income is likely to be a cause of worse health status. For
example, children do not normally contribute to household incomes, yet
their health is strongly associated with levels of household income in both
the Panel Study of Income Dynamics and the National Health Interview
Surveys (Case et al., 2002). Furthermore, the adverse health effects of lower
income accumulate over children’s lives, so that the relationship between
income and children’s health becomes more pronounced as children grow
older (Case et al., 2002).

An alternative possibility is that the relationship between income and
health is explained by a third variable—such as inherited ability—that is
associated with both socioeconomic mobility and the adoption of health
maintenance behaviors. However, even inherited ability is unlikely to en-
tirely account for the income/health association. If inherited ability is the
sole explanation for the income/health relationship, we would not expect to
find any association between family income and health among children
who are adopted soon after birth by nonbiological parents (assuming that
adoptive parents do not get to choose the children they will adopt based on
their background, including their socioeconomic circumstances). Yet, in the
National Health Interview Survey, the impact of family income on child
health has been found to be similar among children who were adopted by
nonbiological parents compared to children who were reared by their bio-
logical parents (Case et al., 2002). Other types of tests of the income/health
association—such as the use of instrumental variable estimation (Ettner,
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1996) and the observation of natural experiments that resulted in exog-
enous increases in income (Costello et al., 2003)—similarly have led to the
conclusion that the effect of higher incomes on improved health status is
likely to be causal.

The causal pathways linking income to health are likely to be different
from those linking education to health. Most obviously, income enables
individuals to purchase various goods and services (e.g., nutrition, heating,
health insurance) that are necessary for maintaining health. Additionally,
secure incomes may provide individuals with a psychological sense of con-
trol and mastery over their environment. (See Chapter 4 for a detailed
discussion of psychological factors and health.) That said, it has also been
observed that higher incomes are associated with healthier behaviors (such
as wearing seatbelts and refraining from smoking in homes) that do not, in
themselves, cost money (Case and Paxson, 2002). Although the causal
mechanisms underlying these relationships are not clear, it has been specu-
lated that “the lack of adequate resources strips parents of the energy
necessary to wrestle children into seat belts. Poorer parents may also smoke
to buffer themselves from poverty-related stress and depression” (Case and
Paxson, 2002).

Debate also exists in the literature concerning whether it is absolute
income or relative income that matters for health (Kawachi and Kennedy,
2002). The absolute income theory posits that an individual’s level of well-
being is determined by his’her own (absolute) level of income, and only
his/her own income. Many definitions of poverty, for example, are based
upon the concept of the failure to meet a minimal standard of living
defined in absolute terms (e.g., the inability to afford food). By contrast,
the relative income theory posits that individual health is determined
by the relative distance (or gap) between a given individual’s income and
that of others around him/her (Kawachi and Kennedy, 2002).

The concept of relative income has been operationalized in empirical
research by measures of relative deprivation (at the individual level) as well
as by aggregate measures of income inequality (at the community level).
Measures of relative deprivation involve assessments of the income distance
between individuals and their comparison (or reference) group—that is
defined by others who are alike with respect to age group, occupational
class, or community of residence. The causal mechanisms underlying the
relationship between absolute income and health are linked to the ability to
access material goods and services necessary for the maintenance of health.
Relative income is hypothesized to be linked to health through psychosocial
stresses generated by invidious social comparisons as well as by the inability
to participate fully in society because of the failure to attain normative
standards of consumption. Growing evidence has suggested an association
between relative deprivation (measured among individuals) and poor health
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outcomes (Aberg Yngwe et al., 2003; Eibner et al., 2004). A related litera-
ture has attempted to link the societal distribution of income (as an aggre-
gate index of relative deprivation) to individual health outcomes, although
the findings in this area remain contested (Subramanian and Kawachi,
2004; Lynch et al., 2004).

Variables other than household income also may be useful for health
research—such as assets including inherited wealth, savings, or ownership
of homes or motor vehicles (Berkman and Macintyre, 1997). While income
represents the flow of resources over a defined period, wealth captures the
stock of assets (minus liabilities) at a given point in time, and thus indicates
economic reserves. Measuring wealth is particularly salient for studies that
involve subjects towards the end of the life course, a time when many
individuals have retired and depend on their savings. In the Panel Study of
Income Dynamics, for example, only a weak association was seen between
post-tax family income and mortality among post-retirement-age subjects,
while measures of wealth continued to indicate a strong association with
mortality risk (Duncan et al., 2002).

Finally, measures of income, poverty, and deprivation have been ex-
tended to incorporate the dimension of place. Growing research, utilizing
multilevel study designs, has conceptualized economic status as an attribute
of neighborhoods (Kawachi and Berkman, 2003). These studies have re-
vealed that residing in a disadvantaged (or high-poverty) neighborhood
imposes an additional risk to health beyond the effects of individual SES. A
recent Department of Housing and Urban Development randomized ex-
periment in neighborhood mobility, the so-called Moving To Opportunity
study, found results consistent with observational data: Moving from a
poor to a wealthier neighborhood was associated with significant improve-
ments in adult mental health and rates of obesity (Kling et al., 2004).
Disadvantaged neighborhoods are often characterized by adverse physical,
social, and service environments, including exposure to more air pollution
via proximity to heavy traffic, a lack of local amenities such as grocery
stores, health clinics, and safe venues for physical activity, and exposure to
signs of social disorder (Kawachi and Berkman, 2003). In other words, the
relevant social and cultural “environments” for the production of health
include not only an individual’s immediate personal environment (e.g., his/
her family), but also the broader social contexts such as the community in
which a person resides.

Occupational Status

The third standard component of SES that typically is measured by
social scientists is occupational status, which summarizes the levels of pres-
tige, authority, power, and other resources that are associated with differ-
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ent positions in the labor market. Occupational status has the advantage
over income of being a more permanent marker of access to economic
resources.

Three main traditions can be discerned in the way in which different
disciplines have approached the measurement of aspects of occupations
relevant to health. In the traditional occupational health field, researchers
have focused on the physical aspects of the job, such as exposure to chemi-
cal toxins or physical hazards of injury (Slote, 1987). In the fields of occu-
pational health psychology and social epidemiology, researchers have fo-
cused on characterizing the psychosocial work environment, including
measures of job security, psychological job demands and stress, and deci-
sion latitude (control over the work process) (Karasek and Theorell, 1990).
Finally, the sociological tradition has tended to focus on occupational sta-
tus, which includes both objective indicators (e.g., educational require-
ments associated with different jobs) as well as subjective indicators (e.g.,
the level of prestige associated with different jobs in the occupational hier-
archy) (Berkman and Macintyre, 1997).

Several alternative approaches currently exist for the measurement of
occupational status. For a detailed description, see Berkman and Macintyre
(1997) as well as Lynch and Kaplan (2000). For example, the Edwards
classification (U.S. Census Bureau, 1963) is a scheme based upon the con-
ceptual distinction between manual and nonmanual occupations. The
Edwards classification was used to demonstrate that individuals who grew
up in manual (as compared to nonmanual) households during childhood
and adolescence were at increased risk of developing heart disease in later
adult life, independently of the individual’s own attained SES (Gliksman et
al., 1995). An alternative and commonly used measure of occupational
status is the Duncan Socioeconomic Index (SEI), which combines subjective
ratings of occupational prestige with objective measures of education and
incomes associated with each occupation. SEI scores, which range from 0 to
100, were originally constructed by Duncan (1961) using data from the
1947 National Opinion Research Center study, which provided public opin-
ions about the relative prestige rankings of representative occupations.
These prestige rankings were then combined with U.S. Census information
on the levels of education and incomes associated with each Census-defined
occupation. The resulting SEI scores have been updated several times
(Burgard et al., 2003). In the Wisconsin Longitudinal Survey of men and
women who graduated from Wisconsin high schools in 1957 (53 or 54
years old in 1992-1993), Duncan SEI scores were inversely associated with
self-reported health, depression, psychological well-being, and smoking sta-
tus (Marmot et al., 1997).

As is the case with both education and income, an association between
occupational status and health may partly reflect reverse causation. That is,
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ill health (e.g., depression or alcoholism) is a major cause of downward
occupational mobility, as well as a constraint on upward social mobility.
An individual’s choice of occupation also may reflect unmeasured variables
(such as ability) that simultaneously influence health status. Although the
adverse health impact of job loss (e.g., through factory closure studies) is
widely accepted (Kasl and Jones, 2000), fewer studies have convincingly
demonstrated a causal effect of variables such as occupational prestige on
health outcomes. As noted above, existing measures of occupational status
such as the Duncan SEI combine measures of prestige with indicators of
education and income that are thought to affect health independently. In
addition, there are uncertainties regarding the optimal time point for mea-
suring occupational status, especially since individuals change occupations
over their life course. Job changes that occur earlier in people’s careers are
often associated with upward social mobility, while late-career changes
may be related to a diminished capacity to function within demanding
occupations (Burgard et al., 2003). For this reason, the frequently used
“final occupation”—that is the occupation of an individual at the time of
death or at the onset of disease—may not be an optimal indicator of the
occupational conditions experienced over the individual’s life course. Few
studies have examined the health effects of occupational status over an
individual’s entire life course (Burgard et al., 2003), although some evi-
dence suggests that persistently low occupational status measured at mul-
tiple time points or downward status mobility over time may be associated
with worse health outcomes (Williams, 1990).

The potential pathways linking occupational status to health outcomes
are again distinct from those linking either education or income to health.
First, higher status (and nonmanual) occupations are less likely to be asso-
ciated with hazardous exposures to chemicals, toxins, and risks of physical
injury. Higher status jobs also are more likely to be associated with a
healthier psychosocial work environment (Karasek and Theorell, 1990),
including higher levels of control (decision latitude) as well as a greater
range of skill utilization (lack of monotony). A greater sense of control in
turn implies improved ability to cope with daily stress, including a reduced
likelihood of deleterious coping behaviors such as smoking or alcohol abuse.
Undoubtedly, a major intervening pathway between occupational status
and health is through the indirect effects of higher incomes and access to a
wider range of resources such as powerful social connections.

In summary, there is good evidence linking each of the major indicators
of SES to health outcomes. Together, education, income, and occupation
mutually influence and interact with one another over the life course to
shape the health outcomes of individuals at multiple levels of social organi-
zation (the family, neighborhoods, and beyond).
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Social Networks, Social Support, and Health

An independent social determinant of health is the extent, strength, and
quality of our social connections with others. Recognition of the impor-
tance of social connections for health dates back as far as the work of Emile
Durkheim. More recently John Bowlby (1969) maintained that secure at-
tachments are not only necessary for food, warmth, and other material
resources, but also because they provide love, security, and other nonmate-
rial resources that are necessary for normal human development (Berkman
and Glass, 2000). Certain periods during the life course may be critical for
the development of bonds and attachment (Fonagy, 1996). According to
attachment theory, secure attachments during infancy satisfy a universal
human need to form close affective bonds (Bowlby, 1969).

Two social variables are of particular interest in characterizing social
relationships: social networks and social support. Social networks are de-
fined as the web of person-centered social ties (Berkman and Glass, 2000).
Its assessment includes the structural aspects of social relationships, such as
size (the number of network members), density (the extent to which mem-
bers are connected to one another), boundedness (the degree to which ties
are based on group structures such as work and neighborhood), and homo-
geneity (the extent to which individuals are similar to one another). Its
assessment also may extend to aspects including frequency of contact, ex-
tent of reciprocity, and duration. Social support refers to the various types
of assistance that people receive from their social networks and can be
further differentiated into three types: instrumental, emotional, and infor-
mational support. Instrumental support refers to the tangible resources
(such as cash loans, labor in kind) that people receive from their social
networks, while emotional support includes less tangible (but equally im-
portant) forms of assistance that make people feel cared for and loved (such
as sharing confidences, talking over problems). Informational support re-
fers to the social support that people receive in the form of valuable infor-
mation, such as advice about healthy diets or tips about a new cancer
screening test.

A variety of pencil-and-paper instruments exist to measure both social
networks and social support; for a detailed guide, see Cohen et al. (2000).
Several of these instruments have been psychometrically validated and indi-
cate good internal consistency and test-retest reliability. However, one criti-
cism of measurement in this area has been the lack of an established “gold
standard.” The variety of different measures currently in use makes it diffi-
cult to compare results across studies (Seeman, 1998).

A substantial body of epidemiological evidence has linked social net-
works and social support to positive physical and mental health outcomes
throughout the life course (Stansfeld, 1999). Social connectedness is be-
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lieved to confer generalized host resistance to a broad range of health
outcomes, ranging from morbidity and mortality to functional outcomes
(Cassel, 1976). Prospective epidemiological studies in adult populations
have found consistently that social networks predict the risk of all-cause
and cause-specific mortality (including cardiovascular disease, cancer, and
traumatic causes of death) (Berkman and Glass, 2000). For mental health
outcomes, a wealth of evidence indicates that social support buffers the
effects of stressful life events and helps to prevent the onset of psychiatric
disorders, particularly depression (Kawachi and Berkman, 2001). Both so-
cial networks and social support have been linked to better prognoses and
survival following major illnesses, such as myocardial infarction, stroke,
and certain types of cancer, including melanoma (Berkman and Glass,
2000). Some experimental evidence in the field of psychoneuroimmunology
has suggested that social connectedness may confer host resistance against
the development of infections (Cohen et al., 2000). In addition, a growing
body of research has linked social support to neuroendocrine regulation.
For example, the presence of a supportive caregiver among children has
been shown to lower hypothalamic-pituitary-adrenal (HPA) reactivity (as
measured by salivary cortisol levels) to maternal separation (Gunnar et al.,
1992). Among adults, social support predicts lower levels of HPA axis and
sympathetic nervous system reactivity in laboratory-based challenge para-
digms (Seeman and McEwen, 1996).

The relationship between social networks/social support and health is
bidirectional in two ways. First, major illnesses (such as a diagnosis of
depression or HIV) can be a potent trigger of changes in social networks
and social support. Depression typically results in social withdrawal, while
newly diagnosed patients with HIV may find that members of their social
network either avoid them (because of the associated stigma) or rally to
their support. Second, social networks/social support can be both a positive
and negative influence on health outcomes simultaneously. For example, it
may not be health promoting to belong to one’s intimate network if that
network happens to be one of injection drug users. Similarly, abusive part-
ners or abusive parents are sources of negative social support. The associa-
tion between social networks/social support and health also may reflect
confounding by a third variable, such as temperament or personality. (See
Chapter 4 for a detailed discussion of personality and temperament.)

The most rigorous approach to overcoming the threats to causal infer-
ence (caused by endogeneity or omitted variable bias) is to conduct a ran-
domized controlled trial. To date, however, the results of randomized trials
of social support provision have been mixed. For example, recent large-scale
randomized trials following major illnesses, such as myocardial infarction
(Writing Committee for the ENRICHD Investigators, 2003), stroke (Glass et
al., 2004), and metastatic breast cancer (Goodwin et al., 2001), have not
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found beneficial effects on clinical outcomes (improved survival or func-
tional recovery). However, it is premature to conclude on the basis of these
intervention trials that social support has no causal effect on health. For
example, it has been pointed out that most of the observational evidence on
social support has focused on support received from naturally occurring
networks, while most interventions have attempted to bolster social sup-
port through strangers (e.g., patient support groups) (Cohen et al., 2000).
The typical “treatment” in intervention studies also may have been of
insufficient “dose” or duration to affect clinical outcomes. The bottom line
seems to be that effective interventions to strengthen social support (to
affect clinical outcomes) have yet to be devised (Cohen et al., 2000).
From the standpoint of mechanisms, recent research suggests that
affiliative behavior has a basis in biology. Animal models point to the role
of the neuropeptide oxytocin in facilitating various social behaviors such
as maternal attachment and pair bonding (Zak et al., 2004). Social support
and the administration of oxytocin have been shown to reduce stress re-
sponses during a public speaking task (Heinrichs et al., 2003). In the
emerging field of neuroeconomics, it was recently demonstrated that the
intranasal administration of oxytocin causes a substantial increase in trust
among humans, thereby greatly increasing the benefits from social interac-
tions (Kosfeld et al., 2005). If oxytocin is indeed the biological substrate
for prosocial behavior, these preliminary findings suggest promising
experimental and laboratory-based approaches for investigating gene-
environment interactions in the association of social support and health.
The investigation of the health effects of social networks/social support
can be further extended to the community level. The concept of social
capital has been defined as the resources that are available to members of
communities and other social contexts (e.g., workplaces) by virtue of the
existence of a rich network of social interactions (Kawachi et al., 2004).
Measures of social capital typically emphasize two components, both mea-
sured (or aggregated) to the community level. The structural component of
social capital includes the extent and intensity of associational links and
activity in society (e.g., density of civic associations; measures of informal
sociability; indicators of civic engagement). The cognitive component as-
sesses people’s perceptions of trust, sharing, and reciprocity (Harpham et
al., 2002). A growing number of multilevel studies have found an associa-
tion between community stocks of social capital and individual health out-
comes (e.g., mortality, self-rated health, some health behaviors) net of the
influence of individual socioeconomic characteristics (Kawachi et al., 2004).
Although causality in this area is still contested (Pearce and Smith, 2003),
there are plausible grounds for supposing that a more socially cohesive
community (evidenced by higher stocks of social capital) would be better
able to protect the health of its members. For example, higher stocks of
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social capital are associated with the improved ability of communities to
exercise informal social control over deviant behaviors (such as smoking
and drinking by minors), as well as to undertake collective action for mu-
tual benefit (e.g., passage of local ordinances to restrict smoking in public
places). Social capital and social cohesion are therefore potentially impor-
tant characteristics of the “social and cultural environment” that ultimately
influence patterns of health achievement.

The Psychosocial Work Environment and Health

The psychosocial work environment—particularly exposure to job
stress—has been linked to the onset of several conditions, including cardio-
vascular disease, musculoskeletal disorders, and mental illness (Marmot
and Wilkinson, 2006). Two models of job stress have received particular
attention in the literature: the job demand-control model (Karasek and
Theorell, 1990) and the effort-reward imbalance model (Siegrist et al.,
1986). The demand-control model posits that it is the combination of high
psychological demands and low level of control (low decision authority and
skill utilization) that leads to high physiological strain among workers and
hence to the onset of disease (such as hypertension and cardiovascular
disease) (Marmot and Wilkinson, 2006). A pencil-and-paper questionnaire
to measure job demands and job control has been developed and validated
for use in population-based studies (and can be accessed at www.uml.edu/
Dept/WE/research/jcq).

In contrast to the demand-control model of job stress, the effort-reward
imbalance model developed by Siegrist maintains that working conditions
produce adverse health outcomes when the costs associated with the job
(e.g., high level of effort) exceed its rewards (money, esteem, and career
opportunities) (Siegrist et al, 1986). As with the demand-control model, a
self-administered questionnaire has been developed and validated. Both the
demand-control model and the effort-reward imbalance model have been
shown to predict the incidence of cardiovascular disease and other health
outcomes in longitudinal observational studies (Marmot and Wilkinson,
2006).

The relationship between job stress and health is likely to be reciprocal,
however. For example, the onset of subtle illness symptoms may result in
the worker switching to a less demanding job. In theory, this issue could be
addressed in longitudinal studies through careful and repeated assessments
of workers’ health symptoms over time. On the other hand, other prob-
lems, such as omitted variable bias, can present formidable challenges to
causal inference in this field. For example, some individuals may “select
into” certain occupations based on temperament, personality, and innate
“hardiness;” while others may “select out” of stressful jobs for the same
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reasons. If these third variables (temperament, hardiness) remain unmea-
sured, their omission may result in biased estimates of the effect of psycho-
social working conditions on health outcomes. Future research in psy-
chosocial work environment should therefore attempt to control for these
variables and investigate the potential interactions between inherited indi-
vidual characteristics and the psychosocial work environment in producing
differential patterns of health and disease.

ASPECTS OF HEALTH INFLUENCED BY
THE SOCIAL ENVIRONMENT

Social variables potentially affect health outcomes throughout the en-
tire spectrum of etiology: from disease onset (beginning prenatally
and accumulating in their effects throughout the life course) to disease
progression and survival. During each stage of the disease continuum,
social-environmental variables can influence outcomes in a variety of differ-
ent ways. Prior to the onset of disease, social variables might influence the
risk of prenatal infections, the adoption of risky or health-promoting be-
haviors, or the ability to cope with adverse circumstances. Subsequent to
the development of illness, social variables may determine the rate of pro-
gression of disease (or recovery) through differential rates of access to
treatment, treatment adherence, coping behaviors, or “direct” effects on
immune surveillance and tissue repair.

It is important to note, however, that the relevance and magnitude of
the associations between social-environmental variables and health out-
comes can vary at different points of the disease process. For example, the
incidence of some cancers, notably breast cancer and melanoma, is higher
among more advantaged SES groups, reflecting in part the underlying so-
cioeconomic distribution of their risk factors. For breast cancer, the in-
creased incidence among higher SES women is in part explained by repro-
ductive factors, including earlier age at menarche, later age at first birth,
and lower fertility.! On the other hand, survival following the diagnosis of
breast cancer consistently favors higher SES women, due, among other
things, to earlier detection and better access to effective treatment (Lochner
and Kawachi, 2000). Likewise, observational evidence suggests the strong

1t should be noted that genetic factors also may apparently vary by socioeconomic group.
For example, the prevalence of the BRCA1 gene mutations is higher among women of
Ashkenazi Jewish descent than among other women. In turn, Americans of Ashkenazi Jewish
origin tend to have a higher than average socioeconomic position than the average. Disentan-
gling the various contributions of genes and social factors is therefore challenging (McClain et
al., 2005).
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role of social support in improving survival and functional recovery follow-
ing major diseases (such as stroke or heart attack), but the evidence is less
consistent for preventing the incidence of disease (where social networks
appear to have a stronger role) (Seeman, 1998).

There also may be critical stages in the life course during which
the social environment has a stronger impact on later life health outcomes.
For example, the Barker hypothesis implicates the prenatal period as
being particularly relevant for the later development of coronary heart
disease and some cancers (Barker and Bagby, 2005). In addition, social-
environmental conditions often cumulate over the life course, so that for
example, persistent poverty may be more detrimental to health than tran-
sient poverty, and studying the dynamic trajectories of social variables is
likely to be of additional interest in explaining patterns of health. Finally,
social-environmental conditions may be reproduced across generations,
because parents “pass on” their disadvantage to their children. For ex-
ample, poor households are more likely to have sick children (Cutler and
Lleras-Muney, 2006). Childhood illness can in turn truncate the educa-
tional and occupational mobility of the affected individuals. This consti-
tutes a social mechanism—separate from a genetic mechanism—for the
inheritance or transmission of disease risk. There may, of course, be gene-
environment interactions involved in the ways in which these two separate
influences shape the patterns of health across the life course.

LIMITATIONS OF CURRENT RESEARCH

The current state of research on social variables demonstrates incred-
ible potential for improving our understanding of health. It also provides
an excellent backdrop for contributing to the development research and
the research agenda on gene-environment interactions. Specifically,
benefits may result from the increased interest in understanding gene-
environment interactions that may include insights into the social vari-
ables that represent important sources of variance and increased under-
standing about how physiological pathways for some disease processes
might be modified, constrained, or moderated by environmental influ-
ences. For example, if one were interested in how stress is related to drug
abuse, given the higher levels of chronic social stress, an ethnically diverse
sample would be of great benefit to drawing conclusions about extremes
of the stress continuum by studying African Americans who have experi-
enced psychosocial sources such as racism and discrimination (e.g., Clark
et al., 1999). Additionally, how the accumulation of stressful experiences
over a lifetime impacts the relationship between stress, SES, and drug
abuse would provide important additional information about how genetic
mechanisms work.
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CONCLUSION

There remain important unanswered questions in understanding the
contribution of the social and cultural environment to health. Given the
burgeoning interest in examining gene-environment interactions in health,
there exists an opportunity to make a major investment in new research
initiatives—parallel to current investments in genetics and molecular sci-
ence—to expand our understanding of social and cultural influences on
health. A research agenda for expanding the scope of such research has
already been outlined by previous National Research Council reports.?
This chapter has presented an overview of the state of the field in the
measurement of social-environmental variables and our empirical under-
standing of the mechanisms by which these variables influence disease onset
and progression. Significant opportunities are at hand to bridge the gaps in
our understanding of how social and genetic factors interact and mutually
influence health outcomes. The next chapter discusses the relationship of
genetics and health.
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Genetics and Health

Although there are many possible causes of human disease, family
history is often one of the strongest risk factors for common disease com-
plexes such as cancer, cardiovascular disease (CVD), diabetes, autoimmune
disorders, and psychiatric illnesses. A person inherits a complete set of
genes from each parent, as well as a vast array of cultural and socioeco-
nomic experiences from his/her family. Family history is thought to be a
good predictor of an individual’s disease risk because family members most
closely represent the unique genomic and environmental interactions that
an individual experiences (Kardia et al., 2003). Inherited genetic variation
within families clearly contributes both directly and indirectly to the patho-
genesis of disease. This chapter focuses on what is known or theorized
about the direct link between genes and health and what still must be
explored in order to understand the environmental interactions and relative
roles among genes that contribute to health and illness.

GENETIC SUSCEPTIBILITY

For more than 100 years, human geneticists have been studying how
variations in genes contribute to variations in disease risk. These studies
have taken two approaches. The first approach focuses on identifying the
individual genes with variations that give rise to simple Mendelian patterns
of disease inheritance (e.g., autosomal dominant, autosomal recessive, and
X-linked) (see Table 3-1; Mendelian Inheritance in Man). The second ap-
proach seeks to understand the genetic susceptibility to disease as the con-
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TABLE 3-1 Online Mendelian Inheritance in Man (OMIM) Statistics (as
of May 15, 2006), Number of Entries
X- Y-
Autosomal Linked Linked Mitochondrial Total

Gene with 10,215 472 48 37 10,772
known sequence

Gene with 349 31 0 0 380
known sequence
and phenotype

Phenotype 1,710 153 2 26 1,891
description
molecular basis
known

Mendelian 1,384 134 4 0 1,522
phenotype or locus,
molecular basis
unknown

Other, mainly 2,065 145 2 0 2,212
phenotypes with
suspected
Mendelian basis

Total 15,723 9,353 56 63 16,777

SOURCE: OMIM, www.ncbi.nlm.nih.gov/Omim/mimstats.html, accessed May 15, 2006.

sequence of the joint effects of many genes. Each of these approaches will
be discussed below.

In general, diseases with simple Mendelian patterns of inheritance
tend to be relatively uncommon or frequently rare, with early ages of
onset, such as phenylketonuria, sickle cell anemia, Tay-Sachs disease, and
cystic fibrosis. In addition, some of these genes have been associated with
extreme forms of common diseases, such as familial hypercholesterolemia,
which is caused by mutations in the low-density lipoprotein (LDL) recep-
tor that predispose individuals to early onset of heart disease (Brown and
Goldstein, 1981).

Another example of Mendelian inheritance is familial forms of breast
cancer associated with mutations in the BRCA1 and BRCA2 genes that
predispose women to early onset breast cancer and often ovarian cancer.
The genes identified have mutations that often are highly penetrant—that
is, the probability of developing the disease in someone carrying the disease
susceptibility genotype is relatively high (greater than 50 percent). These
genetic diseases often exhibit a genetic phenomenon known as allelic het-
erogeneity, in which multiple mutations within the same gene (i.e., alleles)
are found to be associated with the same disease. This allelic heterogeneity
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often is population specific and can represent the unique demographic and
mutational history of the population.

In some cases, genetic diseases also are associated with locus heteroge-
neity, meaning that a deleterious mutation in any one of several genes can
give rise to an increased risk of the disease. This is a finding common to
many human diseases including Alzheimer’s disease and polycystic kidney
disease. Both allelic heterogeneity and locus heterogeneity are sources of
variation in these disease phenotypes since they can have varying effects on
the disease initiation, progression, and clinical severity.

Environmental factors also vary across individuals and the combined
effect of environmental and genetic heterogeneity is etiologic heterogeneity.
Etiologic heterogeneity refers to a phenomenon that occurs in the general
population when multiple groups of disease cases, such as breast cancer
clusters, exhibit similar clinical features, but are in fact the result of differ-
ing events or exposures. Insight into the etiology of specific diseases as well
as identification of possible causative agents is facilitated by discovery and
examination of disease cases demonstrating etiologic heterogeneity. The
results of these studies may also highlight possible gene-gene interactions
and gene-environment interactions important in the disease process. Identi-
fying etiologic heterogeneity can be an important step toward analysis of
diseases using molecular epidemiology techniques and may eventually lead
to improved disease prevention strategies (Rebbeck et al., 1997).

As opposed to the Mendelian approach, the second approach to study-
ing how variations in genes contribute to variations in disease risk focuses
on understanding the genetic susceptibility to diseases as the consequence
of the joint effects of many genes, each with small to moderate effects (i.e.,
polygenic models of disease) and often interacting among themselves and
with the environment to give rise to the distribution of disease risk seen in
a population (i.e., multifactorial models of disease). This approach has been
used primarily for understanding the genetics of birth defects and common
diseases and their risk factors. As described below, several steps are in-
volved in developing such an understanding.

As a first step, study participants are asked to provide a detailed family
history to assess the presence of familial aggregation. If individuals with
the disease in question have more relatives affected by the disease than
individuals without the disease, familial aggregation is identified. While
familial aggregation may be accounted for through genetic etiology, it may
also represent an exposure (e.g., pesticides, contaminated drinking water,
or diet) common to all family members due to the likelihood of shared
environment.

When there is evidence of familial aggregation, the second step is to
focus research studies on estimating the heritability of the disease and/or its
risk factors. Heritability is defined as the proportion of variation in disease
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risk in a population that is attributable to unmeasured genetic variations
inferred through familial patterns of disease. It is a broad population-based
measure of genetic influence that is used to determine whether further
genetic studies are warranted, since it allows investigators to test the
overarching null hypothesis that no genes are involved in determining dis-
ease risk. Twin studies and family studies are frequently used in the study of
heritability.

Twin studies comparing the disease and risk factor variability of
monozygotic and dizygotic twins have been a common study design used to
easily estimate both genetic and cultural inheritance. Studies of monozy-
gotic twins reared together versus those reared apart also have been impor-
tant in estimating both genetic and environmental contributions to patterns
of inheritance. The modeling of the sources of phenotypic variation using
family studies has become quite sophisticated, allowing the inclusion of
model parameters to represent the additive genetic component (i.e., poly-
genes), the nonadditive genetic component (i.e., genetic dominance, as well
as gene-environment and gene-gene interactions), shared family environ-
ment, and individual environments. The contributions of these factors have
been shown to vary by age and population.

When significant evidence of genetic involvement is established, the
next step is to identify the responsible genes and the mutations that are
associated with increased or decreased risk, using either genetic linkage
analysis or genetic association studies. For example, in the study of birth
defects, this often involves the search for chromosomal deletions, inser-
tions, duplications, or translocations.

GENETIC LINKAGE ANALYSIS AND
GENETIC ASSOCIATION STUDIES

The human genome is made up of tens of thousands of genes. With
approximately 30,000 genes to choose from, assigning a specific gene or
group of genes to a corresponding human disease demands a methodical
approach consisting of many steps. Traditionally, the process of gene dis-
covery begins with a linkage analysis that assesses disease within families.
Linkage analyses are typically followed by genetic association studies that
assess disease across families or across unrelated individuals.

Genetic Linkage Analysis

The term linkage refers to the tendency of genes proximally located on
the same chromosome to be inherited together. Linkage analysis is one step
in the search for a disease susceptibility gene. The goal of this analysis is to
approximate the location of the disease gene in relation to a known genetic
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marker, applying an understanding of the patterns of linkage. Traditional
linkage analysis that traces patterns of heredity of both the disease pheno-
type and genetic markers in large, high-risk families have been used to
locate disease-causing gene mutations such as the breast cancer gene
(BRCA1) on chromosome 17 (Hall et al., 1990).

Because the mode of inheritance is often not clear for common diseases,
an alternative approach to classic linkage analysis was developed to capital-
ize on the basic genetic principle that siblings share half of their alleles on
average. By investigating the degree of allelic sharing across their genomes,
pairs of affected siblings (i.e., two or more siblings with the same disease)
can be used to identify chromosomal regions that may contain genes whose
variations are related to the disease being studied. If numerous sibling pairs
affected by the disease of interest exhibit a greater than expected sharing of
the known alleles of the polymorphic genetic marker being used, then the
genetic marker is likely to be linked (that is, within close proximity along
the chromosome) to the susceptibility gene responsible for the disease being
studied. To find chromosomal regions that show evidence for linkage using
this affected sibling pair method typically requires typing numerous af-
fected sibships with hundreds of highly polymorphic markers uniformly
positioned along the human genome (Mathew, 2001).

This approach has been widely used to identify regions of the genome
thought to contribute to common chronic diseases. However, results of
linkage analyses have not been consistently replicated. The inability to
successfully replicate linkage findings may be a result of insufficient statis-
tical power (that is, including an inadequate number of sibling pairs with
the disease of interest) or results that included false positives in the original
study. An alternate explanation could be that different populations are
affected by different susceptibility genes than those that were studied origi-
nally (Mathew, 2001). Without consistent replication of results it is prema-
ture to draw conclusions about the contribution of a gene locus to a specific
disease.

Upon the confirmation of a linkage, researchers can begin to search the
region for the candidate susceptibility gene. The search for a single suscep-
tibility gene for common diseases often involves examination of very large
linkage regions, containing 20 to 30 million base pairs and potentially
hundreds of genes (Mathew, 2001). It is also important to note, however,
that while linkage mapping is a powerful tool for finding Mendelian disease
genes, it often produces weak and sometimes inconsistent signals in studies
of complex diseases that may be multifactorial. Linkage studies perform
best when there is a single susceptibility allele at any given disease locus and
generally performs poorly when there is substantial genetic heterogeneity.
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Genetic Association Studies

Technological advances in high-throughput genotyping have allowed
the direct examination of specific genetic differences among sizable num-
bers of people. Genetic association techniques are often the most efficient
approach for assessing how specific genetic variation can affect disease risk.
Genetic association studies, which have been used for decades, have per-
petually progressed in terms of the development of new study designs (such
as case-only and family-based association designs), new genotyping systems
(such as array-based genotyping and multiplexing assays), and new meth-
ods used for addressing biases such as population (Haines and Pericak-
Vance, 1998).

Analysis of the effects of genetic variation typically involves first the
discovery of single nucleotide polymorphisms (SNPs)! and then the analy-
sis of these variations in samples from populations. SNPs occur on average
approximately every 500 to 2,000 bases in the human genome. The most
common approach to SNP discovery is to sequence the gene of interest in a
representative sample of individuals. Currently, sequencing of entire genes
on small numbers of individuals (~25 to 50) can detect polymorphisms
occurring in 1 to 3 percent of the population with approximately 95 per-
cent confidence. The Human DNA Polymorphism Discovery Program of
the National Institute of Environmental Health Sciences’ Environmental
Genome Project is one example of the application of automated DNA
sequencing technologies to identify SNPs in human genes that may be
associated with disease susceptibility and response to environment
(Livingston et al., 2004). The National Heart, Lung, and Blood Institute’s
Programs in Genomic Applications also has led to important increases in
our knowledge about the distribution of SNPs in key genes thought to be
already biologically implicated in disease risk (i.e., biological candidate
genes? ).

Impressive and rapid advances in SNP analysis technology are rapidly
redefining the scope of SNP discovery, mapping, and genotyping. New
array-based genotyping technology enables “whole genome association”
analyses of SNPs between individuals or between strains of laboratory
animal species (Syvanen, 2005). Arrays used for these analyses can repre-
sent hundreds of thousands of SNPs mapped across a genome (Klein et al.,

TAn SNP is the DNA sequence variation that occurs when a single nucleotide (A, T, C, or
G) in the genome sequence is altered (Smith, 2005).

2A candidate gene is a gene whose protein product is involved in the metabolic or physi-
ological pathways associated with a particular disease (IOM, 2005).
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2005; Hinds et al., 2005; Gunderson et al., 2005). This approach allows
rapid identification of SNPs associated with disease and susceptibility to
environmental factors. The strength of this technology is the massive
amount of easily measurable genetic variation it puts in the hands of re-
searchers in a cost-effective manner ($500 to $1,000 per chip). The criteria
for the selection of SNPs to be included on these arrays are a critical
consideration, since they affect the inferences that can be drawn from using
these platforms. Of course, the ultimate tool for SNP discovery and
genotyping is individual whole genome sequencing. Although not currently
feasible, the rapid advancement of technology now being stimulated by the
National Human Genome Research Institute’s “$1,000 genome” project
likely will make this approach the optimal one for SNP discovery and
genotyping in the future.

With the ability to examine large quantities of genetic variations, re-
searchers are moving from investigations of single genes, one at a time, to
consideration of entire pathways or physiological systems that include in-
formation from genomic, transcriptomic, proteomic, and metabonomic lev-
els that are all subject to different environmental factors (Haines and
Pericak-Vance, 1998). However, these genome- and pathway-driven study
designs and analytic techniques are still in the early stages of development
and will require the joint efforts of multiple disciplines, ranging from mo-
lecular biologists to clinicians to social scientists to bioinformaticians, in
order to make the most effective use of these vast amounts of data.

GENE-ENVIRONMENT AND GENE-GENE INTERACTIONS

The study of gene-environment and gene-gene interactions represents a
broad class of genetic association studies focused on understanding how
human genetic variability is associated with differential responses to envi-
ronmental exposures and with differential effects depending on variations
in other genes. To illustrate the concept of gene-environment interactions,
recent studies that identify genetic mutations that appear to be associated
with differential response to cigarette smoke and its association with lung
cancer are reviewed below. Tobacco smoke contains a broad array of chemi-
cal carcinogens that may cause DNA damage. There are several DNA re-
pair pathways that operate to repair this damage, and the genes within this
pathway are prime biological candidates for understanding why some smok-
ers develop lung cancers but others do not. In a study by Zhou et al. (2003),
variations in two genes responsible for DNA repair were examined for their
potential interaction with the level of cigarette smoking and concomitant
association with lung cancer. Briefly, one putatively functional mutation in
the XRCC1 (X-ray cross-complementing group 1) gene and two putatively
functional mutations in the ERCC2 (excision repair cross-complementing
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group 2) gene were genotyped in 1,091 lung cancer cases and 1,240 con-
trols. When the cases and controls were stratified into heavy smokers versus
nonsmokers, Zhou et al. (2003) found that nonsmokers with the mutant
XRCCI genotype had a 2.4 times greater risk of lung cancer than nonsmok-
ers with the normal genotype. In contrast, heavy smokers with the mutant
XRCCI genotype had a 50 percent reduction in lung cancer risk compared
to their counterparts with the more frequent normal genotype. When the
three mutations from these two genes were examined together in the ex-
treme genotype combination (individual with five or six mutations present
in his/her genotype) there was a 5.2 time greater risk of lung cancer in
nonsmokers and a 70 percent reduction of risk in the heavy smokers com-
pared to individuals with no mutations. The protective effect of these ge-
netic variations in heavy smokers may be caused by the differential increase
in the activity of these protective genes stimulated by heavy smoking. Simi-
lar types of gene-smoking interactions also have been found for other genes
in this pathway, such as ERCC1. These studies illustrate the importance of
identifying the genetic variations that are associated with the differential
risk of disease related to human behaviors. Note that this type of research
also raises many different kinds of ethical and social issues, since it identi-
fies susceptible subgroups and protected subgroups of subjects by both
genetic and human behavior strata (see Chapter 10).

The study by Zhou et al. (2003) also demonstrates the increased infor-
mation provided by jointly examining the effects of multiple mutations on
toxicity-related disease. Other studies of mutations in genes involved in the
Phase II metabolism (GSTM1, GSTT1, GSTP1) also have demonstrated the
importance of investigating the joint effects of mutations (Miller et al.,
2002) on cancer risk. Although these two studies focused on the additive
effects of multiple genes, gene-gene interactions are another important com-
ponent to develop a better understanding of human susceptibility to disease
and to interactions with the environment.

To adequately understand the continuum of genomic susceptibility to
environmental agents that influences the public’s health, more studies of the
joint effects of multiple mutations need to be conducted. Advances in
bioinformatics can play a key role in this endeavor. For example, methods
to screen SNP databases for mutations in transcriptional regulatory regions
can be used for both discovery and functional validation of polymorphic
regulatory elements, such as the antioxidant regulatory element found in
the promoter regions of many genes encoding antioxidative and Phase II
detoxification enzymes (Wang et al., 2005). Comparative sequence analysis
methods also are becoming increasingly valuable to human genetic studies,
because they provide a means to rank order SNPs in terms of their potential
deleterious effects on protein function or gene regulation (Wang et al.,
2004). Methods of performing large-scale analysis of nonsynonymous SNPs
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to predict whether a particular mutation impairs protein function (Clifford
et al., 2004) can help in SNP selection for genetic epidemiological studies
and can be used to streamline functional analysis of mutations that are
found to be statistically associated with differential response to environ-
mental factors such as diet, stress, and socioeconomic factors.

MECHANISMS OF GENE EXPRESSION

Identifying genes whose variations are associated with disease is just
the first step in linking genetics and health. Understanding the mechanisms
by which the gene is expressed and how it is influenced by other genes,
proteins, and the environment is becoming increasingly important to the
development of preventive, diagnostic, and therapeutic strategies.

When genes are expressed, the chromosomal DNA must be transcribed
into RNA and the RNA is then processed and transported to be translated
into protein. Regulating the expression of genes is a vital process in the cell
and involves the organization of the chromosomal DNA into an appropri-
ate higher-order chromatin structure. It also involves the action of a host of
specific protein factors (to either encourage or suppress gene expression),
which can act at different steps in the gene expression pathway.

In all organisms, networks of biochemical reactions and feedback signals
organize developmental pathways, cellular metabolism, and progression
through the cell cycle. Overall coordination of the cell cycle and cellular
metabolism results from feed-forward and feedback controls arising from
sets of dependent pathways in which the initiation of events is dependent on
earlier events. Within these networks, gene expression is controlled by mo-
lecular signals that regulate when, where, and how often a given gene is
transcribed. These signals often are stimulated by environmental influences
or by signals from other cells that affect the gene expression of many genes
through a single regulatory pathway. Since a regulatory gene can act in
combination with other signals to control many other genes, complex branch-
ing networks of interactions are possible (McAdams and Arkin, 1997).

Gene regulation is critical because by switching genes on or off when
needed, cells can be responsive to changes in environment (e.g., changes in
diet or activity) and can prevent resources from being wasted. Variation in
the DNA sequences associated with the regulation of a gene’s expression
are therefore likely candidates for understanding gene-environment interac-
tions at the molecular level, since these variations will affect whether an
environmental signal transduced to the nucleus will successfully bind to the
promoter sequence in the gene and stimulate or repress gene expression.
Combining genomic technologies for SNP genotyping with high-density
gene expression arrays in human studies has only recently elucidated the
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extent to which this type of molecular gene-environment interaction may be
occurring.

Cells also regulate gene expression by post-transcriptional modifica-
tion; by allowing only a subset of the mRNAs to go on to translation; or by
restricting translation of specific mRNAs to only when and where the
product is needed. The genetic factors that influence post-transcriptional
control are much more difficult to study because they often involve
multiprotein complexes not easily retrieved or assayed from cells. At other
levels, cells regulate gene expression through epigenetic mechanisms, in-
cluding DNA folding, histone acetylation, and methylation (i.e., chemical
modification) of the nucleotide bases. These mechanisms are likely to be
influenced by genetic variations in the target genes as well as variations
manifested in translated cellular regulatory proteins. Gene regulation oc-
curs throughout life at all levels of organismal development and aging.

A classic example of developmental control of gene expression is the
differential expression of embryonic, fetal, and adult hemoglobin genes (see
Box 3-1). The regulation of the epsilon, delta, gamma, alpha, and beta
genes occurs through DNA methylation that is tightly controlled through
developmental signals. During development a large number of genes are
turned on and off through epigenetic regulation. One of the fastest growing
fields in genetics is the study of the developmental consequences of environ-
mental exposures on gene expression patterns and the impact of genetic
variations on these developmental trajectories.

An Example of a Single-Gene Disorder with
Significant Clinical Variability: Sickle Cell Disease?

Sickle cell disease refers to an autosomal recessive blood disorder caused
by a variant of the B-globin gene called sickle hemoglobin (Hb S). A single
nucleotide substitution (T—A) in the sixth codon of the B-globin gene
results in the substitution of valine for glutamic acid (GTG—=GAG), which
can cause Hb S to polymerize (form long chains) when deoxygenated (Stuart
and Nagel, 2004). An individual inheriting two copies of Hb S (Hb SS) is
considered to have sickle cell anemia, while an individual inheriting one
copy of Hb S plus another deleterious B-globin variant (e.g., Hb C or Hb p-
thalassemia) is considered to have sickle cell disease. An individual is con-
sidered to be a carrier of the sickle cell trait if he/she has one copy of the

3The sickle cell example is abstracted from a commissioned paper prepared by Robert J.
Thompson, Jr., Ph.D. (Appendix D).
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BOX 3-1
Gene Expression and Globin

The production of hemoglobin is regulated by a number of transcriptional con-
trols, such as switching, that dictate the expression of a different set of globin
genes in different parts of the body throughout the various stages of the develop-
ment process. This transcriptional regulation of globin genes is a result of many
different DNA sequences and methylation of those sequences. The process be-
gins shortly after conception when the yolk of the egg sac expresses genes that
are responsible for the embryonic hemoglobin are deactivated, while the genes
responsible for producing fetal hemoglobin in the liver are activated. Upon birth,
the adult globin genes are activated and the bone marrow stem cells begin to
produce adult hemoglobin and red blood cells (Rimoin et al., 2002).

A group of diseases that are the result of defective switching among the globin
genes during the development process are called thalassemias. This class of dis-
eases results in the decreased capacity to carry oxygen due to the complete ab-
sence of hemoglobin or the production of abnormal hemoglobin. Two types of
thalassemias, alpha and beta, are the product of ineffective gene regulation. The
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normal B-globin gene and one copy of the sickle variant (Hb AS) (Ashley-
Koch et al., 2000).

Four major B-globin gene haplotypes have been identified. Three are
named for the regions in Africa where the mutations first appeared: BEN
(Benin), SEN (Senegal), and CAR (Central African Republic). The fourth
haplotype, Arabic-India, occurs in India and the Arabic peninsula (Quinn
and Miller, 2004).

Disease severity is associated with several genetic factors (Ashley-Koch
et al., 2000). The highest degree of severity is associated with Hb SS,
followed by Hb s/Bf0-thalassemia, and Hb SC. Hb S/B+*-thalassemia is asso-
ciated with a more benign course of the disease (Ashley-Koch et al., 2000).
Disease severity also is related to B-globin haplotypes, probably due to
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globin genes activated during fetal stages of development are often not completely
deactivated following the birth of individuals affected by thalassemia. Although it is
not nearly as effective as the hemoglobin produced by the bone marrow, the re-
maining globin activation in the liver cells offers an additional source of necessary
oxygen suppliers to the cells (Rimoin et al., 2002).
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SOURCE: Figures adapted from Thompson et al., 1991; Bridges, 2002; and Rimoin et al.,
2002.

variations in hemoglobin level and fetal hemoglobin concentrations. The
Senegal haplotype is the most benign form, followed by the Benin, and the
Central African Republic haplotype is the most severe form (Ashley-Koch
et al., 2000).

Thus, although sickle cell disease is a monogenetic disorder, its pheno-
typic expression is multigenic (see Appendix D). There are two cardinal
pathophysiologic features of sickle cell disease—chronic hemolytic anemia
and vasoocclusion. Two primary consequences of hypoxia secondary to
vasoocclusive crisis are pain and damage to organ systems. The organs at
greatest risk are those in which blood flow is slow, such as the spleen and
bone marrow, or those that have a limited terminal arterial blood supply,
including the eye, the head of the femur and the humerus, and the lung as
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the recipient of deoxygenated sickle cells that escape the spleen or bone
marrow. Major clinical manifestations of sickle cell disease include painful
events, acute chest syndrome, splenic dysfunction, and cerebrovascular ac-
cidents.

Efforts to enhance clinical care are focusing on increasing our under-
standing of the pathophysiology of sickle cell disease in order to facilitate a
precise prognosis and individualized treatment. Required is knowledge
about which genes are associated with the hemolytic and vascular compli-
cations of sickle cell disease and how variants of these genes interact among
themselves and with their environment (Steinberg, 2005).

ASPECTS OF HEALTH INFLUENCED BY GENETICS

Because every cell in the body, with rare exception, carries an entire
genome full of variation as the template for the development of its protein
machinery, it can be argued that genetic variation impacts all cellular,
biochemical, physiological, and morphological aspects of a human being.
How that genetic variation is associated with particular disease risk is the
focus of much current research. For common diseases such as CVD, hyper-
tension, cancer, diabetes, and many mental illnesses, there is a growing
appreciation that different genes and different genetic variations can be
involved in different aspects of their natural history. For example, there are
likely to be genes whose variations are associated with a predisposition
toward the initiation of disease and other genes or gene variations that are
involved in the progression of a disease to a clinically defined endpoint.
Furthermore, an entirely different set of genes may be involved in how an
individual responds to pharmaceutical treatments for that disease. There
also are likely to be genes whose variability controls how much or how little
a person is likely to be responsive to the environmental risk factors that are
associated with disease risk. Finally, there are thought to be genes that
affect a person’s overall longevity that may counteract or interact with
genes that may otherwise predispose that person to a particular disease
outcome and thus may have an additional impact on survivorship.

In many ways, we are only at the beginning the process of developing a
true understanding of how genomic variations give rise to disease susceptibil-
ity. Indeed many would argue that, without incorporating the equally impor-
tant role of the environment, we will never fully understand the role of
genetics in health. As progress is made through utilizing the new technologies
for measuring biological variation in the genome, transcriptome, proteome,
and metabonome, we are likely to have to make large shifts in our conceptual
frameworks about the roles of genes in disease. Global patterns of genomic
susceptibility are likely to emerge only when we consider the influence of the
many interacting components working simultaneously that are dependent on
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contexts such as age, sex, diet, and physical activity that modify the relation-
ship with risk. For the most part, we are still at the stage of documenting the
complexity, finding examples and types of genetic susceptibility genes, under-
standing disease heterogeneity, and postulating ways to develop models of
risk that use the totality of what we know about human biology, from our
genomes to our ecologies to model risk.

Cardiovascular Disease (CVD)

The study of CVD can be used to illustrate the issues that are encoun-
tered in using genetic information in order to understand the etiology of the
most common chronic diseases as well as in identifying those at highest risk
of developing these diseases. The majority of CVD cases have a complex
multifactorial etiology, and even full knowledge of an individual’s genetic
makeup cannot predict with certainty the onset, progression, or severity of
disease (Sing et al., 2003). Disease develops as a consequence of interac-
tions between a person’s genotype and exposures to environmental agents,
which influence cardiovascular phenotypes beginning at conception and
continuing throughout adulthood. CVD research has found many high-risk
environmental agents and hundreds of genes, each with many variations
that are thought to influence disease risk. As the number of interacting
agents involved increases, a smaller number of cases of disease will be
found to have the same etiology and be associated with a particular geno-
type (Sing et al., 2003). The many feedback mechanisms and interactions of
agents from the genome through intermediate biochemical and physiologi-
cal subsystems with exposure to environmental agents contribute to the
emergence of a given individual’s clinical phenotype. In attempting to sort
out the relative contributions of genes and environment to CVD, a large
array of factors must be considered, from the influence of genes on choles-
terol (e.g., LDL levels) to psychosocial factors such as stress and anger.
Although hundreds of genes have been implicated in the initiation, progres-
sion, and clinical manifestation of CVD, relatively little is known about
how a person’s environment interacts with these genes to tip the balance
between the atherogenic and anti-atherogenic processes that result in clini-
cally manifested CVD. Please see Chapters 4 and 6 for further discussion of
effects of social environment on CVD.

It is well known that many social and behavioral factors ranging from
socioeconomic status, job stress, and depression, to smoking, exercise, and
diet affect cardiovascular disease risk (see Chapters 2, 3, and 6 for more
detailed discussion of these factors). As more studies of gene-environment
interaction consider these factors as part of the “environment,” which are
examined in conjunction with genetic variations, multiple intellectual and
methodological challenges arise. First, how are the social factors embodied

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11693.html

ironment: Moving Beyond the Nature/Nurture Debate

58 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

such that an interaction with a particular genotype can be associated with
differential risk? Second, how can we handle complex interactions to address
questions, such as how does an individual’s genotype influence his/her behav-
ior? For example, one’s genetic susceptibility to nicotine addiction is actually
a risk factor for CVD and its effect on CVD risk may be contingent on
interactions with other genetic factors.

Pharmacogenetics

It has been well established that individuals often respond differently to
the same drug therapy. The drug disposition process is a complex set of
physiological reactions that begin immediately upon administration. The
drug is absorbed and distributed to the targeted areas of the body where it
interacts with cellular components, such as receptors and enzymes, that
further metabolize the drug, and ultimately the drug is excreted from the
body (Weinshilboum, 2003). At any point during this process, genetic varia-
tion may alter the therapeutic response of an individual and cause an ad-
verse drug reaction (ADR) (Evans and McLeod, 2003). It has been esti-
mated that 20 to 95 percent of variations in drug disposition, such as
ADRs, can be attributed to genetic variation (Kalow et al., 1998; Evans and
McLeod, 2003).

Sensitivity to both dose-dependent and dose-independent ADRs can
have roots in genetic variation. Polymorphisms in kinetic and dynamic
factors, such as cytochrome P450 and specific drug targets can cause these
individuals susceptibilities to ADRs. While the characteristics of the ADR
dictate the true significance of these factors, in most cases, multiple genes
are involved (Pirmohamed and Park, 2001). Future analyses using genome-
wide SNP profiling could provide a technique for assessing several genetic
susceptibility factors for ADRs and ascertaining their joint effects. One of
the challenges to the study of the relationship between genetic variation and
ADRs is an inadequate number of patient samples. To remedy this prob-
lem, Pirmohamed and Park (2001) have proposed that prospective random-
ized controlled clinical trials become a part of standardized practice to
ultimately prove the clinical utility of genotyping all patients as a measure
to prevent ADRs.

Here we review some of the current work in pharmacogenetics as an
example of what might be expected to arise from rigorous study of the
interaction between social, behavioral, and genetic factors. Researchers
have provided a few well-established examples of differences in individual
drug response that have been ascribed to genetic variations in a variety of
cellular drug disposition machinery, such as drug transporters or enzymes
responsible for drug metabolism (Evans and McLeod, 2003). For example:
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e With the knowledge that the HER2 gene is overexpressed in ap-
proximately one fourth of breast cancer cases, researchers developed a
humanized monoclonal antibody against the HER2 receptor in hopes of
inhibiting the tumor growth associated with the receptor. Genotyping ad-
vanced breast cancer patients to identify those with tumors that overexpress
the HER2 receptor has produced promising results in improving the clinical
outcomes for these breast cancer patients (Cobleigh et al., 1999).

e A therapeutic class of drugs called thiopurines is used as part of the
treatment regimen for childhood acute lymphoblastic leukemia. One in 300
Caucasians has a genetic variation that results in low or nonexistent levels
of thiopurine methyltransferase (TPMT), an enzyme that is responsible for
the metabolism of the thiopurine drugs. If patients with this genetic varia-
tion are given thiopurines, the drug accumulates to toxic levels in their body
causing life-threatening myelosuppression. Assessing the TPMT phenotype
and genotype of the patient can be used to determine the individualized
dosage of the drug (Armstrong et al., 2004).

e The family of liver enzymes called cytochrome P450s plays a major
role in the metabolism of as many as 40 different types of drugs. Genetic
variants in these enzymes may diminish their ability to effectively break
down certain drugs, thus creating the potential for overdose in patients
with less active or inactive forms of the cytochrome P450 enzyme. Varying
levels of reduced cytochrome P450 activity is also a concern for patients
taking multiple drugs that may interact if they are not properly metabolized
by well-functioning enzymes. Strategies to evaluate the activity level of
cytochrome P450 enzymes have been devised and are valuable in planning
and monitoring successful drug therapy. Some pharmaceutical drug trials
are now incorporating early tests that evaluate the ability of differing forms
of cytochrome P450 to metabolize the new drug compound (Obach et al.,
2006).

Some pharmacogenetics research has focused on the treatment of psy-
chiatric disorders. With the introduction of a class of drugs known as
selective serotonin re-uptake inhibitors (SSRIs), pharmacological treatment
of many psychiatric disorders changed drastically. SSRIs offer significant
improvements over the previous generation of treatments, including im-
proved efficacy and tolerance for many patients. However, not all patients
respond positively to SSRI treatment and many experience ADRs. New
pharmacogenetic studies have indicated that these ADRs may be the result
of genetic variations in serotonin transporter genes and cytochrome P450
genes. Further study and replication of these findings are necessary. If the
characterization of the genetic variations is completed and is fully under-
stood it would be possible to screen and monitor patients using genotyping
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techniques to create individualized drug therapies similar to those discussed
above (Mancama and Kerwin, 2003).

A significant challenge to the development of individualized drug thera-
pies is the often polygenic or multifactorial inherited component of drug
responses. Isolating the polygenic determinants of the drug responses is a
sizable task. A good understanding of the drug’s mechanism of action and
metabolic and disposition pathways should be the basis of all investiga-
tions. This knowledge can aid in directing genome-wide searches for gene
variations associated with drug effects and subsequent candidate-gene ap-
proaches of investigation. Additionally, proteomic and gene-expression pro-
filing studies are also important ways to substantiate and understand the
pathways by which the gene of interest operates to affect the individual’s
response to the drug (Evans and McLeod, 2003). It is not enough to show
an association; characterization of the underlying biological mechanisms is
an essential component of moving genetic findings into the area of risk
reduction. Another key component of utilizing genetics to improve preven-
tion and reduce disease is an understanding of the distribution of the ge-
netic variations in the populations being served.

GENETICS OF POPULATONS AS RELATED TO
HEALTH AND DISEASE

Human populations differ in their distribution of genetic variations.
This is a consequence of their historical patterns of mutation, migration,
reproduction, mating, selection, and genetic drift. Inherited mutations typi-
cally occur during gametogenesis within a single individual and then can be
passed on to offspring for many generations. Whether that mutation goes
on to become a prevalent polymorphism (i.e., a mutation with a population
frequency of greater than 1 percent) is determined by both evolutionary
forces and chance events. For example, it depends on whether the original
child who inherited the mutation survives to adulthood and reproduces and
whether that child’s children survive to reproduce, and so on. The number
of children in a family also influences the prevalence of the mutation, and
this is often tied to environmental factors that impact fertility and mating
patterns that influence the speed with which a private mutation becomes a
public polymorphism. There are well-known examples of what are called
founder mutations in which this trajectory can be documented. For ex-
ample, one particular district in what is Quebec (Canada) today was origi-
nally founded by only a few families from a particular French province.
One of the founding fathers carried a 10kb deletion in his LDL receptor
(LDL-R) gene that was passed down through the generations quickly and
today is carried by 1 in 154 French Canadians in northeastern Quebec. This
mutation is associated with familial hypercholesterolemia, and French Ca-
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nadians have one of the highest prevalences of this disease in the world
because of the small founding populations followed by population expan-
sion (Moorjani et al., 1989).

There are also a number of examples where mutations that arise in an
individual become more prevalent because of the selective advantage they
impart on their carriers. The best known example is the mutation associ-
ated with sickle cell anemia. The geographical pattern of this mutation
strongly mirrors the geographical pattern of malarial infection. It has been
molecularly demonstrated that individuals carrying the sickle cell mutation
have a resistance to malarial infection. Because many of the selection pres-
sures that may have given rise to the current distribution of mutations in
particular populations are in our evolutionary past, it is difficult to assess
how much variation within or among populations is due to these types of
selection forces.

Another major force in determining the distribution of genetic varia-
tions within and among human populations is their migration and repro-
ductive isolation. According to our best knowledge, one of the most impor-
tant periods in human evolution occurred approximately 100,000 years
ago, when some humans migrated to other continents from the African
basin and established new communities with relative reproductive isola-
tion. Genetic differences among people in different geographical areas have
been associated with the concept of race for hundreds of years. Although
race is still used as a label, the original concept of race as genetically distinct
subspecies of humans has been rejected through modern genetic informa-
tion. For numerous reasons, discussed in the section below, it is more
appropriate to reconceptualize the old genetics of race into a more accurate
genetics of ancestry.

In addition to distant evolutionary patterns of migration, more modern
migration patterns also have had a profound effect on the genetics of popu-
lations. For example, the current population of the United States and much
of North America is very diverse genetically as a consequence of the mixing
of many people from many different countries and continents.

A central reason for studying the origins and nature of human genetic
variation is that the similarities and differences in the type and frequencies
of genetic variations within and among populations can have a profound
impact on studies that attempt to understand the influence of genes on
disease risk. For example, some genetic variations, such as the
apolipoprotein E protein polymorphisms, are found in every population
and have very similar genotype frequencies around the world (Wu et al.,
2002; Deniz Naranjo et al., 2004). The variation’s association with in-
creased heart disease and Alzheimer’s disease could be and has been tested
in many of the world’s populations. Other mutations such as the 10kb
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deletion in the LDL-R gene described above are more population-specific
variations.

Furthermore, from a statistical point of view, the effect of a genetic
variation on the continuum of risk found in any population is correlated
with its frequency. For example, common genetic polymorphisms with fre-
quencies near 50 percent cannot be associated with large phenotypic effects
within a population because the genotype classes each represent a large
fraction of the population and, since most risk is normally distributed, the
average risk for a highly prevalent genotype class cannot deviate from the
overall risk of the population to any large degree. This correlation between
genotype frequency and effect does not mean that common variations can-
not be significant in their effects. The statistical significance of an associa-
tion between a genetic variant and a disease is a joint function of sample
size and the size of the effect. In addition, genetic research among popula-
tions that differ in their genotype frequencies can differ in their inferences
about which polymorphisms have significant effects even if the absolute
phenotypic effect is the same. See Cheverud and Routman (1995) for a
more formal statistical explanation of this phenomenon and its impact on
assessing gene-gene interactions.

Another key consideration in understanding the relationship between
genetic variations and measures of disease risk is the population differences
in the correlations between genotype frequencies at different SNP locations.
There are two common reasons why the frequency of an allele or genotype
at a particular SNP could be correlated with the frequency of an allele or
genotype for a different SNP. First, a phenomenon known as linkage dis-
equilibrium creates correlations among SNPs as a consequence of the
mutation’s history. When mutations arise, they occur on a particular ge-
netic background, which creates a correlation with the other SNPs on the
chromosome. Second, the mixing of populations known as admixture that
occurs typically through migration means that SNPs with population-
specific frequencies will be correlated in a larger mixed sample. In this case,
population stratification is the cause of the correlation, and there has been
much genetic epidemiological research on this phenomenon and how to
control for it. Population stratification is thought to be a possible source of
spurious genetic associations with disease (see Box 3-2).

CONCLUSION

In large part, the twentieth century was dominated by studies of human
health and disease that focused on identifying single genetic and environ-
mental agents that could explain variation in disease susceptibility. This
new century has been characterized by huge advances in our understanding
of Mendelian disorders with severe clinical outcomes. However, the Men-
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BOX 3-2
Population Stratification (Confounding)

When the risk of disease varies between two ethnic groups, any genetic or
environmental factor that also varies between the groups will appear to be relat-
ed to disease. This phenomenon is called “population stratification” in epidemio-
logic studies investigating the effect of a genetic factor on disease, and it is a
form of confounding. Population stratification refers to the presence of sub-
groups—for example ethnic groups—in the sample, which could potentially
cause a spurious association between genetic variations and trait. Concerns
about population stratification have raised doubts about the credibility of some
reported findings in candidate gene studies and have led to calls for the routine
use of related controls in case-control studies of genetic factors to eliminate the
possibility of population stratification (Lander and Schork, 1994; Altshuler et al.,
1998). In fact, although population stratification is frequently used as an explana-
tion for nonreplicable associations in the literature, there are few actual exam-
ples to support this assumption (Risch, 2000) and many agree that the problem
probably has been overstated (Cardon and Bell, 2001). For example, Wacholder
et al. (2000) argued that population stratification to an extent large enough to
distort results is unlikely to occur in many realistic situations. Population stratifi-
cation is a manifestation of confounding—that is, the distortion of the relationship
between the exposure of interest and disease due to the effect of a true risk
factor that is related to the exposure (Wacholder et al., 2000). Thus, in population
stratification ethnicity acts as a surrogate for the true risk factor, which may be
environmental or genetic. This means that controlling for ethnicity can reduce the
confounding bias.

Ardlie et al. (2002) evaluated four moderately sized case-control studies for the
presence of population structure and concluded that carefully matched case-con-
trol samples in U.S. and European populations are unlikely to contain levels of
population stratification that would result in significantly inflated numbers of false
positive associations. However, methods have been developed by which unlinked
genetic markers can be used to detect stratification and even correct for it when it
is present (Pritchard and Rosenberg, 1999; Satten et al., 2001).

delian paradigm has failed to elucidate the genetic contribution to suscepti-
bility to most common chronic diseases, which researchers know have a
substantial genetic component because of their familial aggregation and
studies that demonstrate significant heritabilities for these diseases. Like-
wise, environmental and social epidemiological studies have been wildly
successful in illuminating the role of many environmental factors such as
diet, exercise, and stress on disease risk. However, these environmental
factors still do not, by themselves, fully explain the variance in the preva-
lence of several diseases in different populations. Researchers are only now
beginning to study in earnest the potential interactions between the genetic
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and environmental factors that are likely to be contributing to a large
fraction of disease in most populations. There is much that can be done to
incorporate measures of social environment into genetic studies and to also
incorporate genetic measures into social epidemiological studies.

Over the last two decades, progress in identifying specific genes and
mutations that explain genetic susceptibility to common conditions has
been relatively slow, for a variety of reasons. First, the diseases being stud-
ied tend to be complex in their etiology, meaning that different people in a
population will develop disease for different genetic and/or environmental
reasons. Any single genetic or environmental factor is expected to explain
only a very small fraction of disease risk in a population. Moreover, these
factors are expected to interact, and other biological processes (e.g., epige-
netic modifications) are likely to be contributors to the complex puzzle of
susceptibility. An accurate phenotypic definition of disease and its subtypes
is crucial to identifying and understanding the complexities of disease-
specific genetic and environmental causes.

Second, geneticists only recently have developed the knowledge base or
methods needed to measure genetic variations and their metabolic conse-
quences with sufficient ease and cost-effectiveness so that the large number
of genes thought to be involved can be studied. With the completion of the
Human Genome Project in 2003, many different scientific entities (e.g., the
Environmental Genome Project and the International HapMap Consor-
tium) have been working to identify the mutational spectra in human popu-
lations, and genetic epidemiologists are just now beginning to understand
the extensive nature of common variations (>1 percent population fre-
quency) within the human genome that could be affecting people’s risk of
disease. The SNP data generated by these initiatives are now centrally
located in a number of public databases, including the National Center for
Biotechnology Information’s dbSNPs database, the National Cancer
Institute’s CGAP Genetic Annotation Initiative SNP Database, and the
Karolinska Institute Human Genic Bi-Allelic Sequences Database. At
present, the largest dataset on human variation is being generated by the
International HapMap Project,* which is genotyping millions of SNPs on
270 individuals from 4 geographically separated sites from around the
world. The International HapMap Project has greatly increased the number
of validated SNPs available to the research community to be used to study
human variation and is producing a map of genomic haplotypes in four
populations with ancestry from parts of Africa, Asia, and Europe. In addi-
tion, high-throughput methods of genotyping large numbers of SNPs (thou-
sands) in large epidemiological cohorts are only now becoming available

4See www.hapmap.org.
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(see above). Unfortunately, high-throughput methods of measuring the en-
vironment have not kept a similar pace. For many studies of common
disease, a rate-limiting step to increasing our understanding will continue to
be the difficult and costly measurement of environmental factors.

Finally, progress also has been hampered because of a lack of adequate
investment in developing new methods of analysis that can incorporate the
high-dimensional biological reality that we can now measure. The complex
genetic and environmental architecture of multifactorial diseases is not
easily detected or deciphered using the traditional statistical modeling meth-
ods that are focused on the estimation of a single overall model of disease
for a population. For example, using traditional logistic regression methods
it would be simply impossible to enter all the hundreds of genetic variations
that are thought to be involved in CVD risk or in any of the other common
disease complexes currently being studied. Beyond the obvious issues of
power and overdetermination in such a large-scale model, we also do not
know how to model or interpret interactions among many factors simulta-
neously or how to incorporate the rare, large effects of some genes relative
to the common, small effects of others. New modeling strategies that take
advantage of advances in pattern recognition, machine learning, and sys-
tems analysis (e.g., scale-free networks, Bayesian belief networks, random
forest methods) are going to be needed in order to build more comprehen-
sive, predictive models of these etiologically heterogeneous diseases.

The field of human genetics, like many other disciplines, is in transi-
tion, and there is much to be gained by joining forces with a wide range of
other disciplines that are focused on improving prevention and reducing the
disease burden in our populations.
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Genetic, Environmental, and Personality
Determinants of Health Risk Behaviors

INTRODUCTION AND OVERVIEW

Tobacco use, obesity, and physical inactivity are the greatest prevent-
able causes of morbidity and mortality in the United States (Mokdad et al.,
2004). These behaviors involve motivational and reward systems within the
individual that develop through gene interactions with the social environ-
ment. Therefore, a better understanding of the genetic, social environmen-
tal, and individual determinants of risk behaviors, such as tobacco use,
unhealthy eating behaviors, and physical inactivity could contribute to im-
proved strategies for primary, secondary, and tertiary disease prevention.

Models of gene, environment, and behavior interactions in disease
have been proposed, one of which has been adapted here to illustrate the
central role of health risk behaviors (Rebbeck, 2002). Risk behaviors such
as tobacco use, unhealthy eating behaviors, and physical inactivity play an
important role in models of genetic and environmental interactions in
health outcomes. As illustrated in Figure 4-1, gene-environment interac-
tions contribute to the initiation and maintenance of these risk behaviors,
which in turn increase risk for poor health outcomes (pathway a). In
addition, gene-environment interactions can modify the effects of these
risk behaviors on disease states and health outcomes (pathway b) and also
can have direct effects on health outcomes (pathway ¢) (see also models of
gene-environment interactions in Chapter 8 and Appendix E).

The goal of this chapter is three-fold: (1) to provide a brief overview of
the epidemiology of tobacco use, unhealthy diet/obesity, and physical inac-
tivity in relation to health outcomes; (2) to describe the genetic and environ-
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Genes x Environment* c

b
N
Risk Behaviors Health
(exposure) Outcomes

*Refers to main effects and interactions; see also Chapter 8.

FIGURE 4-1 Role of genes, environment, and risk behaviors in health (adapted
from Rebbeck, 2002).

mental determinants of these risk behaviors and their underlying motiva-
tional systems; and (3) to discuss how the measurement of intermediate
phenotypes (recently termed endophenotypes), such as personality and tem-
perament, can advance our knowledge of the role of gene-environment
interactions in risk behaviors and health.

DEFINITIONS OF HEALTH RISK BEHAVIORS

Although definitions of health risk behaviors vary across studies, there
are some generally accepted definitions that will be presented for the pur-
poses of this chapter. With regard to tobacco use, the behavioral definition
of smoking used in most prevalence studies includes having smoked more
than 100 cigarettes in one’s lifetime and smoking every day or most days
(CDC, 2005). Increasingly, studies of the determinants of tobacco use,
including genetic studies, are using more refined behavioral definitions to
characterize trajectories of smoking initiation and progression, as well as
phenotypes related to nicotine addiction and smoking persistence (Audrain-
McGovern et al., 2004b).

The definition of obesity is more straightforward. The World Health
Organization (WHO) defines overweight as having a body mass index
(BMI) from 25 to 30, and obesity as a BMI greater than 30 (WHO, 1998).
Broadly speaking, physical activity includes any bodily muscular move-
ments that produce energy expenditure (Caspersen et al., 1985; Pate et al.,
1995). To reduce health risks, it is recommended that healthy adults engage
in at least 150 minutes of moderate intensity physical activity per week
(Pate et al., 1995), which can include brisk walking and some forms of
aerobic exercise such as running and bicycle riding.

The importance of phenotype definition for investigations of genetic
risk factors and gene-environment interaction cannot be overestimated.
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Increasingly, studies are focusing on intermediate phenotypes, the interme-
diate measures of these health behaviors that are considered more proximal
to the biological determinants. For example, in studies of tobacco use,
laboratory-based intermediate phenotypes have included individual differ-
ences in the rewarding value of nicotine, the psychophysiological and cog-
nitive effects of nicotine, as well as the effects of nicotine tolerance and
deprivation (Munafo et al., 2005b). In obesity studies, psychological inter-
mediate markers have included the reinforcing value of food, food prefer-
ences, food intake, and satiety (see Appendix C for additional discussion).
As discussed in more detail below, these intermediate phenotypes also may
include the dimensions of personality and temperament that are partly
biologically based and that may increase the likelihood that an individual
will engage in health risk behaviors.

TOBACCO USE

Epidemiology and Health Consequences of Tobacco Use

Although the prevalence of tobacco use in adults has declined signifi-
cantly since the Surgeon General’s report in 1965, 23 percent of the Ameri-
can population continues to smoke (NCHS, 2003; CDC, 2004a). Smoking
rates remain higher in persons who have less than a high school education,
compared to college graduates. Furthermore, 18 percent of 13-year-olds
and 58 percent of high school students report having smoked a whole
cigarette (CDC, 2004b).

Tobacco use is the leading cause of preventable mortality in the United
States, accounting for one in five cancer deaths (CDC, 2002; Mokdad et al.,
2004). Furthermore, continued smoking following a diagnosis of cancer
increases the risk of recurrence and reduces the likelihood of survival
(Browman et al., 1993; Kawahara et al., 1998; Khuri et al., 2001; McBride
and Ostroff, 2003). The nicotine in cigarettes is known to have significant
adverse effects on cardiovascular function (Benowitz and Gourlay, 1997),
and smoking cessation following an acute myocardial infarction can reduce
mortality rates (Kinjo et al., 2005). Nicotine, thiocyanate, and other toxins
in cigarette smoke also can impair thyroid, pituitary, and renal function
and contribute to insulin resistance (Kapoor and Jones, 2005). Evidence
from rodent models suggests that nicotine also may alter antibody forma-
tion and T-cell function (Friedman and Eisenstein, 2004).

Genetic and Environmental Determinants of Tobacco Use

Motivation to begin smoking is strongly influenced by the social envi-
ronment, although genetic factors also play a role (Audrain-McGovern et
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al., 2004a). Risk factors for smoking initiation in youth include peer and
family smoking, family conflict, and exposure to tobacco industry promo-
tional campaigns (Pierce et al., 1998; Choi et al., 2002). In contrast, physi-
cal activity has protective effects on youth smoking (Audrain-McGovern et
al., 2003a). The importance of the social environment also is supported by
evidence for the efficacy of some anti-tobacco media campaigns, smoke-
free environment policies, and cigarette taxes (Holm, 1979; Chaloupka et
al., 2002).

Once tobacco use has been initiated, smoking cessation can be difficult
because of the development of an addiction to nicotine. There is abundant
evidence from animal and human studies for an inherited susceptibility to
the rewarding effects of nicotine and to nicotine addiction. In fact, data
from twin studies indicate that as much as 70 percent of the variance in
nicotine addiction is attributable to genetic factors (Sullivan and Kendler,
1999). Investigations of the specific genetic mechanisms that underlie nico-
tine addiction have focused on candidate genes in neurobiological path-
ways that play a role in nicotine’s reinforcing and addictive effects, includ-
ing the dopamine, serotonin, and opioid pathways, as well as genetic
variation in nicotine metabolic pathways and neuronal nicotinic receptors
(Lerman and Berrettini, 2003). While several genetic associations have been
reported in the literature, heterogeneity in ascertainment, population strati-
fication, and limitations in phenotype definition have contributed to
nonreplication (Lerman and Swan, 2002; Munafo and Flint, 2004; Redden
et al., 2005). Given the importance of smoking persistence to health out-
comes, efforts are increasing to elucidate the role of inherited genetic varia-
tion in response to pharmacotherapies for nicotine dependence (Lerman et
al., 2005).

Clearly, tobacco use and nicotine addiction are complex traits arising
from the interactions among social-environmental, psychological, and ge-
netic factors (Swan et al., 2003). For example, evidence from twin studies
suggests that the importance of genetic factors in cigarette smoking de-
pends, in part, on family functioning (Kendler et al., 2004). Specifically, the
heritability estimates for cigarette smoking were lower in families with
reports of higher levels of family dysfunction. This finding highlights both
the importance of gene-environment interactions in risk behaviors, as well
as the potential for identifying and quantifying such interactions through
careful research. Furthermore, the genetic effects on the progression to
regular smoking among adolescents are greatest among those with higher
levels of depressive symptoms (Audrain-McGovern et al., 2004a). Despite
awareness of the importance of gene-environment interactions in tobacco
use, few molecular genetic studies have incorporated social environmental
effects, and few studies of social environment have considered whether such
influences are moderated by genetic factors.
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UNHEALTHY EATING BEHAVIORS AND OBESITY

Epidemiology and the Health Consequences of Obesity

The WHO defines overweight as having a BMI from 25 to 30, and
obesity as a BMI greater than 30 (WHO, 1998). Based on this definition,
approximately 57 percent of adult Americans are classified as being over-
weight or obese (Flegal et al., 2005), and rates of obesity have increased in
recent decades (Allison et al., 1999; CDC, 2000; Flegal et al., 2005). The
rising prevalence of obesity in the United States has been linked to increased
health risks (Harris, 1998).

Like tobacco use, obesity is a major cause of mortality in the United
States, with approximately 325,000 deaths attributable to obesity among
nonsmokers (Allison et al., 1999). Obesity is a major risk factor for the
development of diabetes, cardiovascular disease (CVD), osteoarthritis, and
many forms of cancer (Allison et al., 1999; Bianchini et al., 2002). Poor diet
and obesity can also increase treatment complications and reduce the like-
lihood of survival following a cancer diagnosis (Pinto et al., 2000; Rock
and Demark-Wahnefried, 2002). Although the mechanisms linking obesity
to these disease outcomes remains the subject of intense investigation, the
adverse health outcomes result in part from alterations in the metabolism of
steroid hormones, metabolic alterations including lipid and glucose levels,
and increases in the turnover of free fatty acids that lead to insulin resis-
tance syndrome (Seidell et al., 1994; Turcato et al., 2000; Rose et al., 2002;
Eckel et al., 2002). In addition, excess adiposity has been linked to impaired
immune function and increased cortisol secretion (Stallone, 1994), possibly
influencing the adverse pathophysiological effects of environmental and
psychological stress.

Genetic and Environmental Determinants of Unhealthy
Eating Behaviors and Obesity

The development and maintenance of obesity, like tobacco use and
nicotine addiction, result from a complex interplay of social, motivational,
emotional, and genetic factors (Kopelman, 2000). Increases in obesity preva-
lence may be largely attributable to changes in the social environment that
support a sedentary lifestyle (e.g., television and video games), the promo-
tion of high-calorie fast foods and “supersize” portions, and increased
access to vending machines with high-calorie foods in schools and commu-
nity settings (Hill and Peters, 1998). Although these environmental factors
clearly increase the likelihood of feeding behaviors that lead to obesity in
the population as a whole, genetic factors are thought to influence an
individual’s susceptibility to unhealthy feeding behaviors given a particular
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social environment, and to his/her likelihood of becoming obese given a
particular level of energy intake and expenditure (Costanzo and Schiffman,
1989; Hill and Peters, 1998).

There is abundant evidence from animal and human models for genetic
contributions to obesity, with 40 to 70 percent of the variability in suscep-
tibility to human obesity attributable to heritable factors (Comuzzie and
Allison, 1998). There are single gene disorders that include obesity as part
of the syndrome, such as Prader-Willi and Bardet-Biedel; however, such
major genetic effects are rare. Mutations studied in rodent models of obe-
sity that are associated with leptin abnormalities also are rare in humans
(Kopelman, 2000). For example, a single gene mutation in the melanocortin
4 receptor (MC4R) is thought to account for less than 5 percent of morbid
obesity (Vaisse et al., 1998). Molecular genetic studies have identified a
very large number of susceptibility genes for multiple obesity phenotypes,
including BMI, feeding behavior, and satiety (Comuzzie and Allison, 1998);
however, the attributable risks associated with these variants remain un-
clear. Candidate genes identified in these studies include those coding for
agouti signaling proteins, leptin and leptin receptors, and cholecystokinin A
receptor (reviewed in Comuzzie and Allison, 1998). Genetic variation in the
dopamine transporter and dopamine 2 receptor also has been associated
with obesity in some studies (Noble et al., 1994; Epstein et al., 2002).
Despite the known complex etiology of obesity, studies of genetic modula-
tion of social environmental exposures are rare. However, there is evidence
that fetal nutrition may affect gene expression, possibly altering susceptibil-
ity to diet and environmental stressors that promote obesity in later life
(Barker et al., 1989; Barker, 1995).

PHYSICAL INACTIVITY

Epidemiology and the Health Consequences of Physical Inactivity

It is recommended that, to reduce health risks, healthy adults engage in at
least 150 minutes of moderate intensity physical activity per week (Pate et al.,
1995). Despite the positive effects of regular physical activity on breast and
colon cancer (McTiernan et al., 1998) and on CVD risk factors (U.S. DHHS,
1996), approximately one-half of adult Americans do not engage in moder-
ate physical activity for at least 30 minutes at least 3 times a week (Sullivan et
al., 2005). Engaging in regular physical activity also has important benefits
following a cancer diagnosis. A meta-analysis of randomized controlled trials
of physical activity interventions concluded that such interventions have sig-
nificant benefits for cardiovascular respiratory fitness and can reduce cancer
treatment side effects (Schmitz et al., 2005b). Physical activity interventions
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for cancer patients also have been shown to reduce body fat and plasma
levels of insulin-like growth factor (Schmitz et al., 2005a).

Genetic and Environmental Determinants of Physical Activity

Levels of physical activity are determined by a complex set of factors.
Yet, these determinants are less well studied than those for tobacco use and
obesity. Investigations of locomotor activity in inbred mouse strains provide
evidence for significant genetic influences on activity when confined to a
running wheel (Mhyre et al., 2005). However, it is yet to be determined
which behavioral systems underlie this effect (e.g., reward, exploration, or
motor drive) or how activity levels would be affected when the animal’s
environment provided the opportunity for a variety of behaviors requiring
different levels of activity for different types of rewards (McClintock, 1981;
Hermes et al., 2005). Environmental factors, such as food shortage, can
enhance or attenuate mouse strain differences in locomotor activity in re-
sponse to stimulants, underscoring the importance of gene-environment in-
teractions (Cabib et al., 2000). In humans, approximately 30 to 60 percent of
the variance in physical activity and sports participation is due to heritable
factors (Perusse et al., 1989; Beunen and Thomis, 1999). A polymorphism in
the MC4R gene has been implicated in physical activity levels in nonobese
humans and in the general population. This association has been attributed
to the role of this receptor in metabolic rate and energy expenditure, how-
ever, the precise mechanism is not yet clear (Loos et al., 20035). Features of the
social environment that reinforce a sedentary lifestyle (e.g., television, video
games, computers) as well as the built environment (large shopping malls
located outside of the city, zoning laws prohibiting building businesses within
walking distance of homes) contribute to physical inactivity and may modify
the effects of genetic predisposition to inactivity.

Specific genetic factors should be examined in conjunction with known
social environmental determinants (e.g., media exposure, family and peer
influences). For initiation studies, there is a need to focus on critical devel-
opment periods; for example, early to late adolescence for tobacco use and
early childhood through adolescence for obesity and physical inactivity. For
studies of persistence and behavior change, there is a need to include inves-
tigations of critical periods in adulthood when environmental transitions
occur, such as young adulthood (ages 18 to 235).

USING INTERMEDIATE PHENOTYPES TO INVESTIGATE THE
EFFECTS OF GENE-ENVIRONMENT INTERACTIONS

Intermediate phenotypes are traits or outcome measures that mediate
the effects of gene-environment influences on risk behaviors (see Figure
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FIGURE 4-2 Intermediate phenotypes of gene-environment effects on risk behav-
iors and health.

4-2). Such measures tend to be more proximal to the biological determi-
nants than are the risk behaviors themselves, and therefore, they can be
assessed with greater experimental control in human models. For example,
in studies of tobacco use, laboratory-based intermediate phenotypes have
included individual differences in the rewarding value and tolerance of
nicotine, its cognitive and autonomic effects, and the effects of nicotine
deprivation (Munafo et al., 2005b). Intermediate phenotypes in obesity
studies have included the reinforcing value of food, food preferences, food
intake, and satiety (see also the commissioned paper on obesity in Appen-
dix C). As discussed in more detail below, these measures also may include
dimensions of personality or temperament that are partly biologically based
and that may increase the likelihood that an individual will engage in health
risk behaviors. In fact, some of the most convincing evidence for gene-
environment interactions has been provided by research in these areas.
However, while intermediate phenotypes are likely to provide useful re-
search tools, they are quite complex and, therefore, caution should be used
when extrapolating the clinical application of such research.

Measuring biological and genetic modifiers of risk also is essential,
particularly for predicting whether engaging in a health risk behavior actu-
ally results in disease. For example, some people who consume large quan-
tities of animal fat do not necessarily have proportionately high low-density
lipoprotein (LDL) levels, which are associated with increased risk for CVD.
The Inuit of Greenland, who eat a traditional diet of orsoq, seal, and whale
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fat, do not have the expected high LDL cholesterol levels or the resultant
high rates of CVD (Bjerregaard et al., 1997). Likewise, polymorphisms in
apolipoprotein E, a carrier protein important to liver metabolism of LDL,
result in different levels of LDL and cardiovascular risk in people who eat
similar diets (Miltiadous et al., 2005). A more detailed discussion of both
biological and behavioral traits is provided in the following section.

Beyond Risk Behaviors

The inclusion of measurable intermediate phenotypes will assist inves-
tigators in the exploration of the relationship among gene-environment
interactions, risk behaviors, and health. This may involve incorporating
more extensive assessments of biologically based dimensions of personality
and temperament and/or incorporating laboratory-based measures of risk
behavior propensity (e.g., the rewarding value of nicotine or high-fat foods).
Animal and human laboratory models can be performed in parallel to test
the effects of genetic factors and environmental influences on intermediate
phenotype measures (Blendy et al., 2005). Using genetic animal models and
human genetic association studies to stratify populations, the genetic effects
on risk behaviors can be measured in the presence and absence of key social
environmental cues and stressors.

However, it is not only through risk behaviors like smoking, poor
eating habits and obesity, or low exercise levels that gene-environment
interactions influence health. Another key pathway that is just as important
involves effects of gene-environment interactions on biological characteris-
tics involving neuroendocrine, autonomic, cardiovascular, metabolic, in-
flammatory, and hemostatic functions. There are several examples in the
recent literature that illustrate these gene-environment interaction effects
on biomarkers.

The Lys198Asn polymorphism of the Endothelin-1 gene moderates the
impact of both obesity and socioeconomic status on systolic blood pressure
reactivity to an acute environmental stressor in African American and Cau-
casian young adults (Treiber et al., 2003). The G308 A polymorphism of the
TNFa gene moderates the impact of chronic environmental stress, as mea-
sured by vital exhaustion levels, on plasma levels of C-reactive protein, a
potent risk factor for CVD (Jeanmonod et al., 2004). The extensively stud-
ied promoter polymorphism of the serotonin transporter gene (SHTTLPR)
moderates the impact of acute mental stress on blood pressure (Williams et
al., 2001), an effect that has been cited as one potential mechanism that
could be mediating the reported association between the SHTTLPR long
allele and increased risk of myocardial infarction (Fumeron et al., 2002).
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Personality and Temperament as Intermediate Phenotypes in
Investigations of Risk Behaviors and Health

After many years of distrust and disuse, the concept of a personality
trait is once more proving useful in many types of studies. New tools of
analysis have made it possible to define and refine the idea of what person-
ality traits actually are, and to demonstrate the universality of certain kinds
of individual differences. The term personality captures the collective and
dynamic organization of all the psychophysical systems that determine the
adjustment of the person to his/her environment (Svrakic and Cloninger,
2005). Temperament is defined more restrictively as the body’s biases as it
modulates behavioral responses to and styles of coping with prescriptive
physical stimuli, such as danger, stressors, or various types of reward.
Personality and temperament are of importance to health professionals
because they can underlie certain psychiatric illness (Hirschfeld, 1999). In
addition, certain aspects of personality have been associated with increased
risk for coronary artery disease and the contraction of human immunodefi-
ciency virus (HIV), psoriasis, ulcerative colitis, and many other diseases
that have been described as psychosomatic (McCown, 1993; Tyrer, 1995).
Dimensions of temperament may also predispose people to health risk
behaviors such as tobacco use.

Personality

A principal reason for the scientific re-birth of personality traits is the
use of factor analysis to define and validate them. The “Big Five” model,
the one whose use is most widespread and accepted, is based on factor
analyses of self-reported descriptions of social and emotional behavior. The
five personality domains are: Neuroticism (N, negative affectivity), Extra-
version (E versus Introversion), Openness to experience (O), Agreeableness,
and Conscientiousness. This model is based on a robust factor structure
that has been validated in a variety of populations and cultures using the
NEO-Personality Inventory (NEO-PI), a personality test designed to assess
normal adult personality (McCrae and Costa, 2002). The population
samples were drawn from the United States, Germany, Portugal, Israel,
China, Korea, and Japan, and included people from ages 18 to 105 (McCrae
et al., 1999; Labouvie-Vief et al., 2000).

Personality traits are consistent and are associated with behavioral
trends, coping strategies, and health behaviors. This makes it possible to
use them to predict health and life outcomes (Whitbourne, 1987; Bosworth
et al., 1999; Caspi and Roberts, 1999), depending on the strength of certain
traits. To some extent, Alzheimer’s disease (Siegler et al., 1994) and CVD
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(Hemingway and Marmot, 1999; Williams et al., 2000) can be predicted
from certain personality traits.

Personality, in turn, is influenced by both genes and gene-environment
interactions. There is an important body of literature, beginning with a
seminal paper by Lesch et al. (1996), that reports associations between
genotypes of the promoter polymorphism of the serotonin transporter gene
(SHTTLPR) and the personality domains of neuroticism (including facets
of anxiety, angry hostility, depression, and impulsiveness) and agreeable-
ness. Lesch and colleagues reported a positive correlation of the SHTTLPR
short allele not only with Harm Avoidance but also with the NEO domain
of Neuroticism. There was a negative correlation with Agreeableness, thus
relating candidate genes that regulate function of the key neurotransmitter
serotonin to personality or temperament.

There have now been three meta-analyses published evaluating studies
on the association between the SHTTLPR polymorphism and anxiety-
related traits. Two of these (Schinka et al., 2004; Sen et al., 2004) found
that there are reliable associations between SHTTLLPR and Neuroticism as
measured by the NEO-PI, but not Harm Avoidance. A third meta-analysis
(Munafo et al., 2005a) found the opposite pattern. Whatever the ultimate
outcome of this issue, the weight of the evidence suggests that the five-
factor model as assessed by the NEO-PI is reliably associated with variation
in one highly studied candidate gene, the serotonin transporter.

There is extensive research showing that psychological factors like de-
pressed affect (as opposed to the illness of major depressive disorder—see
below), hostility and anger, and anxiety are associated with increased risk
of CVD and the biological and behavioral factors that likely mediate that
increased risk (see, for example, Williams et al., 2003a). The critical impor-
tance of psychosocial stressors on disease risk has been strongly confirmed
in the INTERHEART Study (Rosengren et al., 2004) that examined over
24,000 heart attack patients and controls in countries around the world.
The study found that social-environmental factors (such as stress at home
or work) and psychological factors (such as depression) were associated
with as large an increase in heart attack risk as that associated with biologi-
cal risk factors (e.g., high blood pressure or high lipids) and with behavioral
risk factors (e.g., smoking).

In fact, the psychological risk factor hostility is associated in both
prospective and cross-sectional studies with increases in several health risk
behaviors, including smoking, overeating/obesity, higher lipid levels, and
increased alcohol consumption (Scherwitz et al., 1992; Siegler et al., 1992).
Thus it would appear that it is through negative affect and accompanying
biological and behavioral characteristics that the social environment influ-
ences disease processes in ways that are moderated by genetic factors. There
is, moreover, some evidence that the opposite of negative affect (optimism)
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is associated with more positive outcomes both subjectively and objectively
with respect to feelings of well-being and recovery from ill health (Smith and
Spiro, 2002), although the genetic associations have not yet been studied.

Temperament

Of the many methods proposed to assess temperament, perhaps the
most widely used is the Temperament and Character Inventory (Cloninger
et al., 1998). Four major temperament traits have been identified through
factor analysis and investigated in many experiments: harm avoidance,
novelty seeking, reward dependence, and persistence (Cloninger et al.,
1998). The study of temperament underscores the notion that genetic risk
factors for a disease may not be mediated directly by gene function related
to the diseased system, but rather by genetic risk factors for psychological
traits that change neuroendocrine function and regulate gene expression
involved in disease.

Harm avoidance is a measure of behavioral inhibition and fearfulness
(Cloninger et al., 1998). Some studies suggest that individuals high in harm
avoidance may be more susceptible to tobacco use (Etter et al., 2003).
Adrenal axis function may mediate this association since corticotropin re-
leasing factor-like proteins also are associated with prolonged nicotine with-
drawal and higher rates of relapse (Bruijnzeel and Gold, 2005).

Novelty seeking is a measure of behavioral activation and excitement
seeking that includes subscales measuring exploratory excitability, impul-
siveness, extravagance, and a tendency to disorder (Cloninger et al., 1998)
that may increase susceptibility to tobacco use by increasing the likelihood
that an adolescent will be exposed to environments in which tobacco is
more available (Tercyak and Audrain-McGovern, 2003). Novelty seekers
also have been shown to be more susceptible to effects of tobacco advertis-
ing (Audrain-McGovern et al., 2003b). Animal models indicate that both of
these associations also may be mediated by individual differences in adrenal
axis function (Piazza et al., 1993; Spina et al., 2005).

Two aspects of temperament (reward dependence and persistence) have
been linked with craving during abstinence from gambling and alcohol.
Reward dependence is a measure of social attachment (Cloninger et al.,
1998) and persistence is a measure of perseverance (Svrakic and Cloninger,
2005). Reward dependence is negatively correlated with craving for gam-
bling, while persistence is negatively associated with craving for alcohol
(Tavares et al., 2005). Thus, if nicotine addiction shares mechanisms with
other addictions, future research may uncover a role for these other aspects
of temperament and their underlying neuroendocrine and pharmacological
systems (Svrakic and Cloninger, 2005).

Temperament has also been investigated regarding its association with
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specific disease states, such as Attention Deficit Hyperactivity Disorder
(ADHD), which is a risk factor for the initiation and persistence of tobacco
use (Lerman et al., 2001; Tercyak et al., 2002). Lynn and colleagues (2005)
hypothesized that the dopamine D4 receptor mediated the association be-
tween novelty seeking and ADHD. However, they found that the DRD4
gene variant independently predicted ADHD, but not novelty seeking. This
finding highlights the complexity of the associations between temperament,
genetics, neural intermediate phenotypes, and disease states.

Sex/Gender, Race/Ethnicity, and Personality

Both sex/gender and race/ethnicity have been reported to moderate the
effects of genotype on personality dimensions. Gelernter et al. (1998) found
that the SHTTLPR short allele was associated with higher Harm Avoidance
scores in males but with lower scores in females; and also that the short
allele was associated with higher Neuroticism scores in European Ameri-
cans but with lower scores in African Americans. Interestingly, these effects
parallel moderation of SHTTLPR effects on a measure of central nervous
system serotonin function, cerebrospinal fluid levels of the serotonin major
metabolite SHIAA, by both race/ethnicity (short allele — high SHIAA in
African Americans, low SHIAA in European Americans) and sex/gender
(short allele — high SHIAA in women, low SHIAA in men) (Williams et al.,
2003b). The mechanisms responsible for these differential effects of
SHTTLPR genotype on personality and brain serotonin levels are not clear
at present, but could involve differential patterns of linkage disequilibrium
between the SHTTLPR polymorphism and other sites on the serotonin
transporter gene in different population groups, as reported by Gelenter et
al. (1999).

Depression, Genes, the Environment, and Health

Emotional or motivational states also can be a critical intermediate
phenotype between gene-environment interaction and health risk behav-
iors, depression being, perhaps, the prototype. Diagnosed depressive disor-
ders (Schulz et al., 2002) such as major depression as well as depressive
symptoms (Blazer et al., 2001) have been associated with adverse health
outcomes. Depression has been demonstrated to be a risk for a variety of
disorders, including diabetes and certain types of cancer, but especially for
CVD (Schulz et al., 2000). The factors by which depression leads to poorer
health outcomes may include some that are indirect, such as a reduced
likelihood seeking health care and of complying with the recommendations
of health care professionals. They also may include direct links (Schulz et
al., 2000). For example Schulz et al. (2000) suggested that motivational

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11693.html

ironment: Moving Beyond the Nature/Nurture Debate

GENES, ENVIRONMENT, AND PERSONALITY 81

depletion may directly contribute to compromised cardiac function and
increased risk for myocardial infarction. A listing of potential mediators of
the effects of both depression and hostility/anger on CDV risk would in-
clude decreased parasympathetic tone, increased hypothalamic-pituitary-
adrenal axis and sympathetic nervous system activation, and increased in-
flammatory cytokines, and increased platelet activation.

In addition, depression is clearly determined by an interaction be-
tween genetic and environmental factors. It has been recognized for many
years that depression is in part an inherited trait, and the influence of that
heritability persists into later life (Gatz et al., 1992; Kendler, 1996). In
studies of twins reared apart, both genetic and environmental factors have
been shown repeatedly to contribute to depressive symptoms (Kendler,
1996). In addition, population studies have demonstrated the interaction
of genetic polymorphisms and environmental stressors (Caspi et al., 2003;
Kendler et al., 2005).

For example, in a prospective, longitudinal study of a representative
birth cohort, Caspi et al. (2003) tested the observation that stressful experi-
ences lead to depression in some people, but not in others. A functional
polymorphism in the promoter region of the serotonin transporter (5-HT
T) gene was found to moderate the influence of stressful life events on
depression. Individuals with one or two copies of the short allele of the 5-
HT T promoter polymorphism exhibited more depressive symptoms, diag-
nosable depression, and suicidality in relation to stressful life events than
did individuals homozygous for the long allele. This epidemiological study
thus provides remarkable evidence for a gene-environment interaction in
which an individual’s response to environmental stressors is moderated by
his/her genetic makeup.

Not only does this study have important implications for the investiga-
tion of how gene-environment interactions affect health, the rapid and
extensive replication of its gene association results has been unusually sig-
nificant. The 2003 study by Caspi and colleagues was replicated and ex-
tended through findings by Eley et al. (2004), Kaufman et al. (2004), Grabe
et al. (2005), and Kendler et al. (2005). The immediate replication of gene
association findings has been the exception rather than the rule for such
studies. The replication of this gene-environment finding with respect not
only to incidence of major depression, but also to depressive symptom
levels suggests the likelihood that genetic effects on various endophenotypes
are far larger when varying levels of critical environmental exposures are
taken into account (Moffitt et al., 2005).

In the Caspi et al. (2003) study, for example, there was no effect of the
SHTTLPR genotype on incidence of major depression in persons with no
stressful life events over the preceding five years. In marked contrast, among
those with four or more stressful life events, there was no increased inci-
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dence of major depression among those with the SHTTLPRL/L genotype, a
21 percent increase in those with the L/S genotype, and a 33 percent in-
crease among those with the S/S genotype.

It would be hard to overstate the implications of this replicated demon-
stration of a very large genetic effect on the health of persons only with
certain social-environmental exposures. It means that if the appropriate
environmental exposures are taken into account, it will be far easier to
detect and replicate the effects of genes on disease-relevant endophenotypes
than it was when the search for genes was conducted in heterogeneous
samples. There is reason to believe that this principle will operate not only
with respect to chronic levels of stress over time, but also with respect to
single, major life stresses. For example, myocardial infarction is a major life
stress in which the presence of the SHTTLPR short allele predicted in-
creased levels of depression over the ensuing months (Nakatani et al., 2005).
The same is suggested by a study on stroke that used a very small sample
size (Ramasubbu et al., 2006).

CONCLUSION

A better understanding of risk behaviors is critical to improving the
public’s health. To date, most efforts have been directed toward modifying
risk behaviors, such as programs to increase physical activity or to decrease
smoking. Biological augmentation of behavioral modification has been par-
tially successful, such as the use of the nicotine patch for smoking cessation.
Health psychologists are increasingly calling attention to the critical role of
sociocultural context, a necessary factor to consider if efforts to modify risk
behaviors are to be effective. In other words, a risk-prevention program
that is effective in one culture may be much less effective in another. Only
recently have the genetic contributions of risk behaviors and the environ-
ments that lead to the expression of intermediate phenotypes been brought
into focus. The recognition that behaviors that increase risk for disease may
be driven by genetic factors and modified by social factors presents a rich
yet complex paradigm for designing and testing intervention strategies for
the future.
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Sex/Gender, Race/Ethnicity, and Health

In the search for a better understanding of genetic and environmental
interactions as determinants of health, certain fundamental aspects of hu-
man identity pose both a challenge and an opportunity for clarification.
Sex/gender and race/ethnicity are complex traits that are particularly useful
and important because each includes the social dimensions necessary for
understanding its impact on health and each has genetic underpinnings, to
varying degrees.

Although there have been numerous genetic studies of sex and
gender—and more recently race and ethnicity—over the past several de-
cades, detailed information about the extent of our genetic similarities and
differences did not reach the public’s attention until the completion of the
Human Genome Project. With base pair comparisons possible across the
individuals sequenced, the estimate that any two humans are 99.9 percent
the same has raised our awareness that all humans are incredibly similar at
the genetic level. Paradoxically, the evidence of vast numbers of DNA base
pairs at which humans differ also became known at this time. It is estimated
currently that any two people will differ at approximately 3 million posi-
tions along their genomes. Although there is some evidence that informa-
tion about an individual’s sex or ancestry would provide information about
the likelihood that he/she carries one allele versus another, it is typically a
matter of probability—not a discrete or absolute determinant (even for the
Y chromosome). While there is growing evidence of a number of significant
differences between males and females in terms of health and health out-
comes (IOM, 2001), “considerable controversy remains about the existence
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and importance of racial differences in genetic effects, particularly for com-
plex diseases” (Ioannidis et al., 2004).

Previous chapters have discussed the contributions of the social envi-
ronment, behavior, psychological factors, physiological mechanisms, and
genetic variation to health. This chapter highlights the fact that the contri-
butions of these variables are not monolithic and that fundamental indi-
vidual traits, such as sex/gender and race/ethnicity, can change their mean-
ing and health impact in different contexts. These complex traits are
multifaceted, and the goal is to tease apart the facets at different levels of
organization in order to identify which of them directly modulate health.
This is a reciprocal process, because these various domains in turn inform
our understanding of sex/gender and race/ethnicity. Failing to distinguish
these different facets, both in the aggregate and within each level of analy-
sis, will compromise the ability to obtain a more fine-grained understand-
ing of how the different aspects of these fundamental individual traits
interact to influence health.

SEX/GENDER

Although the terms sex and gender are often used interchangeably,
they, in fact, have distinct meanings. Sex is a classification based on biologi-
cal differences—for example, differences between males and females rooted
in their anatomy or physiology. By contrast, gender is a classification based
on the social construction (and maintenance) of cultural distinctions be-
tween males and females. Gender refers to “a social construct regarding
culture-bound conventions, roles, and behaviors for, as well as relations
between and among, women and men, boys and girls” (Krieger, 2003).

Differences in the health of males and females often reflect the simulta-
neous influence of both sex and gender. Not only can gender relations
influence the expression of biological traits, but also sex-associated biologi-
cal characteristics can contribute to amplify gender differentials in health
(Krieger, 2003). The relative contributions of gender relations and sex-
linked biology to health differences between males and females depend on
the specific health outcome under consideration. In some instances,
sex-linked biology is the sole determinant of a health outcome—for ex-
ample gonadal digenesis among women with Turner’s syndrome (due to X-
monosomy). In other instances, gender relations account substantially for
observed gender differentials for a given health outcome—for example the
higher prevalence of needle-stick injuries among female compared to male
health care workers, which is in turn attributed to the gender segregation of
the health care workforce. The prevalence of HIV infection through needle-
stick injury is higher among female health care workers because the major-
ity of doctors are men, the majority of nurses and phlebotomists are women,
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and drawing blood is relegated to nurses and phlebotomists (who are mostly
women) (Ippolito et al., 1999).

In yet other instances, gender relations can act synergistically with sex-
linked biology to produce a health outcome. For example, the risk of hy-
pospadias is higher among male infants born to women exposed to poten-
tial endocrine-disrupting agents at work. In this example, maternal exposure
to the endocrine-disrupting agent (e.g., phthalates) arises because of gender
segregation in the labor market (e.g., exposure among hair-dressers who
are mainly women). Once exposure occurs, the risk of the outcome is
predicated on sex-linked biology and is different for women and men, as
well as for female and male fetuses, because only women can be pregnant,
and exposure can lead to the outcome (hypospadias) only among male
fetuses (all examples cited in Krieger, 2003).

Finally, in some instances, sex-linked biology can be obscured by the
influence of gender relations in producing health differentials between women
and men. For example, women’s lower risk of coronary heart disease (CHD)
prior to menopause often has been ascribed to the cardioprotective effects of
endogenous estrogens (a sex difference), but at the same time, the male/
female differential in heart disease also may reflect a diagnostic artifact; that
is, the underdetection of heart disease among women caused by an uncon-
scious bias among physicians to ascribe the symptoms of a real heart attack
among premenopausal women to some other disorder (a gender difference)
(McKinlay, 1996). Arber and colleagues (2006) demonstrated the presence
of such bias in a randomized experimental study involving video-vignettes
of a scripted consultation in which patients presented with standardized
symptoms of CHD. The videotaped consultations were identical in terms
of symptoms, but the patients’ gender, age (55 versus 75), class, and race
varied. A probability sample of 256 primary care doctors from the United
States and the United Kingdom viewed these video-vignettes and the results
demonstrated that the diagnosis and patient management decisions were
significantly affected by the patient’s gender. Women were asked fewer ques-
tions and received fewer diagnostic tests compared to men. The authors
found evidence of “gendered ageism,” in which middle-aged women present-
ing with classic symptoms of CHD were asked the least amount of questions
and prescribed the fewest CHD-related medications (Arber et al., 2006).

Besides the behavior of health care providers, a number of other social
processes are recognized as contributing to gender inequalities in health. At
the macro (or societal) level, these include the gender segregation of the
labor force (alluded to above) and gender discrimination. Gender segrega-
tion of the workforce and gender discrimination together contribute to the
persistence of the gender wage gap—that is the fact that women earn less
than men in paid employment (Reskin and Padavic, 1994). The gender
wage gap in turn contributes to the feminization of poverty. Women—
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particularly female heads of households—are over-represented among poor
households in virtually every society. The adverse health effects of poverty
(see Chapter 2 of this report) therefore fall disproportionately on women
and their children. At the societal level, indicators of women’s economic
autonomy or lack thereof (e.g., rates of poverty among women, the size of
the gender wage gap, and the proportion of women in managerial and
technical professions) have been shown to closely mirror women’s health
status (mortality and rates of disability) (Kawachi et al., 1999).

Within households, gender relations also are characterized by the un-
equal division of labor (e.g., care giving roles are more often assumed by
women), as well as by the unequal exercise of authority and power. Women
with paid work are more likely than men to engage in the “second shift”
(Hochschild, 1989), taking on responsibilities for childcare, housework,
and care giving. The stresses associated with care giving, particularly pro-
viding care for ill spouses, have been linked to adverse health outcomes,
such as cardiovascular disease (Lee et al., 2003).

Men and women differ biologically because their primary reproductive
hormones are different. Less well recognized are the sex differences in certain
aspects of immune function that stem from the fact that women and men face
different immune challenges. In women, but not in men, successful reproduc-
tion requires the support of “foreign bodies”—sperm and a developing fetus.
Moreover, as is the case for many other mammalian species, other aspects of
male and female biology also may differ because they have different roles in
caring for offspring or function in different ecological niches, thus reducing
parental competition. For example, a brief stressor mimicking a burrow
collapse results in a more pronounced long-term innate inflammatory re-
sponse in female rats than in male rats exposed to the same stressor (Hermes
et al., 2006). Given that females become aggressive during lactation and may
likely suffer from wounding, selection would favor those who can mount an
inflammatory response that is effective enough to enable them to survive at
least long enough to wean their nursing pups. Given that males do not behave
paternally in this species, a selection pressure at this juncture of the reproduc-
tive lifespan would not be as strong.

The central point is that sex differences in health and risk for disease
are not simply minor correlates of differences in reproductive hormones.
They also result from deeply embedded highly coordinated physiological
systems that have evolved to serve sex-specific functions. For example,
women must have sufficient energy reserves to sustain the huge metabolic
demands of pregnancy and lactation. Thus, it is not surprising to see sex
differences in energy metabolism. In men, insulin functions as a negative
feedback signal in the regulation of fat metabolism, reducing body fat, but
this does not occur in women, where it serves to conserve women’s fat
stores (Hallschmid et al., 2004). Sex hormones have both genomic and
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nongenomic effects on the accumulation, distribution, and metabolism of
adipose tissue, including the regulation of leptin (Mayes and Watson, 2004).
Leptin has long-term effects on the regulation of body weight, mediated
through appetite, energy expenditure and body temperature. Marked sex
differences can be seen in levels of leptin, which in men (but not women) are
associated with hypertension (Sheu et al., 1999). Moreover, leptin stimu-
lates cellular components of innate immunity, stimulating T-cells, mac-
rophages, and neutrophils, as well as preventing the programmed cell death
of neutrophils (apoptosis) (Bruno et al., 2005). Indeed, leptin is increased
during infections. Thus, fat metabolism and immune functions are differen-
tially controlled in men and women, and the implications for disease risk
and treatment are only now beginning to be explored.

In recent years, there has been an increased focus on understanding the
differences and similarities between females and males at the societal level
(i.e., behaviors, lifestyles, environment), at the level of the whole organism,
and at the cellular and molecular levels (IOM, 2001) (see Table 5-1). There
is, of course, huge variation in the degree of overlap in the physical traits of
men and women. Sexual dimorphism is typically reserved for traits for
which the difference is relatively large, such as height (population overlap
of one standard deviation—10 percent of men are smaller than the average
woman), while smaller differences are typically termed as sexually differen-
tiated, such as hand shape (Williams et al., 2000).

A significant number of studies have documented the differences be-
tween sexes across the lifespan. Genetic and physiological make up, in
addition to an individual’s personal experiences and interactions with the
environment, can play a large part in observed sex differences such as
varying incidence and severity of disease. This may be the result of differ-
ences in exposure to the risk factors, the routes of exposure and processing
of a foreign agent, and cellular responses to the body. Differences cannot
simply be attributed to hormones. Sex affects behavior, perception, and
health in multiple complex ways. Differences in the sex chromosomes are
but one factor, although a significant one for a small number of diseases
influenced by gene dosage (i.e., specific to the X chromosome), or for genes
found only on the Y chromosome (IOM, 2001).

In order to understand the impact of sex/gender on health, it will be
necessary to deeply appreciate that it is not a simple categorical variable,
ultimately definable by the presence or absence of the Y chromosome. Rather,
it is a multifaceted variable, biologically, psychologically and socially, with
each facet having different effects on health and risk for disease. Each facet is
oriented along dimensions that typically covary so strongly that many assume
that they are inseparable (see the typical phenotypes of sex/gender in Table 5-
1). However, there can be variance, if not sex reversals, along a given dimen-
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TABLE 5-1 The Independent Dimensions of Sex/Gender in Humans

7 Dimensions of Sex

Typical Phenotypes

Differences Female Male Variants

Genetic XX XY XO (Turner Syndrome),
XYY (Kleinfelter
Syndrome), XY’ (Y
deletions), genetic mosaics

Gonadal Ovary Testis Streak gonads, ovatestis

Hormone Profiles

Reproductive Tract

External Genitalia

Secondary Sex
Characteristics

Anatomy and
Metabolism

Gender Identity

Sexual Orientation

Sex Role

Psychological
Processes:
Cognition, Emotion,
Social Styles

Estrogens >
androgens

Uterus, fallo-
pian tubes

Labia, clitoris

Breasts

Wide pelvis
inlet and outlet,
abdominal fat,
delayed neutro-
phil apoptosis

I am a woman

Men erotic

Primary care-
giver
homemaker

Verbal fluency,
emotional
intelligence,
social
aggression

Androgens >
estrogens

Vas deferens,
prostate

Scrotum,
penis

Beard

Tall, fast-
twich mus-
cles, low
cardiac levels
of heat shock
protein 27

I am a man

Women erotic

Construction
worker,
tirefighter

Visuospatial
reasoning,
physical
aggression

Androgen receptors with
low binding affinity,
adrenal androgens

True hermaphrodite
(hemiuterus), fused
mullarian ducts

Hypospadia, microphallus,
vaginal agenesis and
hypoplasia

Gynecomastia, hirsute

Such variables typically
are continuous, as is
height; thus, variants
typically have values

in the range typical of
the opposite sex

Turnim man, third gender,
guevodoces, intersex

Homosexuality, lesbian,
bisexuality

Such variables are typically
continuous, as is parental
care, and so variants are
typically having values in
the range typical of the
opposite sex

Such psychological
processes typically are
continuous, as is verbal
fluency; thus, variants
typically have values in the
range typical of the
opposite sex
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sion without comparable variation in the others. This disassociation clearly
demonstrates their independence. Thus, future research on the impact of
interactions among social, behavioral, and genetic factors on health must
determine which of these facets and dimensions contribute directly to sex
differences in health and which are merely correlates.

An example helps to illustrate human variation. There are XY individu-
als with a genetic variant of the androgen receptor who are unambiguously
heterosexual women and who are engaged in feminine social roles ranging
from actresses to Olympic athletes. They have testes and hormone levels
higher than those of pubertal boys. But, because their androgen receptors
do not bind androgen, their genitalia, secondary sex characteristics, and
musculature are fully differentiated as women. Until the Olympic commit-
tee changed its definition of sex from genetic to hormonal sex, such women
had to compete as men. These women share the health risk of gonadal
cancer, and typically their testes—their source of estrogens—are removed.
However, their social roles—as actresses or Olympic athletes, for example—
are better predictors of cardiovascular health and risk for muscle injury.

Moreover, sex/gender differences in health represent another arena that
demonstrates powerfully that taking only a statistical approach to the prob-
lem of gene-environment interactions, and simply dividing variance in health
into main effects and interactions, blinds researchers to the multitude of
inseparable gene-environment interactions that have co-evolved to enable
survival and successful reproduction. An excellent model for conducting
research on development in dynamic terms was put forth in the National
Research Council/Institute of Medicine (NRC/IOM) report entitled From
Neurons to Neighborhoods: The Science of Early Childhood Development
(2000).

The constructs of race and ethnicity, which have similar limitations and
complexity as sex and gender, are explored in the following section.

RACE/ETHNICITY

Unlike sex, race is not firmly biologically based but rather is a “con-
struct of human variability based on perceived differences in biology, physi-
cal appearance, and behavior” (IOM, 1999). According to Shields and
colleagues (2005),

with the exception of the health disparities context, in which self-
identified race remains a socially important metric, race should be avoid-
ed or used with caution and clarification, as its meaning encompasses
both ancestry . . . and ethnicity . . .
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Both race and ethnicity can be potent predictors for disease risk; how-
ever, it is important to emphasize the distinction between correlation and
causation and to explore interactions among factors, while rejecting a uni-
directional model that moves from genotype to phenotype.

With the increased attention being given to racial disparities in health,
the definition of race has come under increased scientific scrutiny. Race
continues to be one of the most politically charged subjects in American
life, because its associated sociocultural component often has led to catego-
rizations that have been misleading and inappropriately used (Kittles and
Weiss, 2003). Definitions of race involve descriptions that are embedded in
cultural as well as biological factors, and a careful distinction must be made
between race as a statistical risk factor and as causal genetic variables
(Kittles and Weiss, 2003). Thus, genetics cannot provide a single all-
purpose human classification scheme that will be adequate for addressing
all of the multifaceted dimensions of health differentials. It may be found
that some alleles associated with destructive or protective factors related to
disease and health are created, modified, or triggered by cultural and con-
textual factors.

Race also is notoriously difficult to define and is inconsistently reported
in the literature and in self-reports. Self-report has been the classic measure
for race and is still reliable in some cases given certain caveats. The useful-
ness of the data derived from self-reports of race in health research, how-
ever, has been the subject of much debate (Risch et al., 2002; Cooper et al.,
2003; Burchard et al., 2003). In 2003, Burchard and colleagues wrote the
following;:

Excessive focus on racial or ethnic differences runs the risk of undervalu-
ing the great diversity that exists among persons within groups. However,
this risk needs to be weighed against the fact that in epidemiologic and
clinical research, racial and ethnic categories are useful for generating and
exploring bypotheses about environmental and genetic risk factors, as
well as interactions between risk factors, for important medical outcomes.
Erecting barriers to the collection of information such as race and ethnic
background may provide protection against the aforementioned risks;
however, it will simultaneously retard progress in biomedical research and
limit the effectiveness of clinical decision-making.

Although there are requirements for reporting race in specific catego-
ries in federally sponsored research, the Office of Management and Budget
directive that set out this requirement notes that these are not scientific
categories. The National Institutes of Health (NIH) has reiterated that
researchers should collect any additional data that would be more useful or
appropriate for their specific projects. Researchers would advance our un-
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derstanding of race and ethnicity by addressing factors that are related to
race such as geographic area of ancestry or by providing greater detail
about ancestors. In the 2000 Census, less than 3 percent (6.8 million) of the
total population reported being of mixed race, and 7 percent of these 6.8
million people reported a heritage that included 3 or more races (Grieco and
Cassidy, 2001). However, even those who report one race may have very
complex backgrounds in terms of geography. For example, a black American
could have origins in East Africa, West Africa, North Africa, or the Caribbean.

NIH has prescribed that all research projects will involve a good faith
effort to include minorities when appropriate. By requiring funded research
to make appropriate accommodations for minority subject recruitment,
NIH has encouraged scientists to begin to consider issues of race, ethnicity,
and culture in research as never before. Some of the emphasis on learning
more about minority populations arises from the acknowledgement of the
stark disparities in health when comparisons are made across racial groups.

Health Disparities and Race

Disadvantages in health exist for many groups such as Pacific Islanders,
Hispanics, and Native Americans, when compared to Caucasians. Asians
on many accounts are found to have more positive health profiles but are
not without disadvantages in comparison with Caucasians (Whitfield et al.,
2002). Literature on health disparities has documented African American/
Caucasian differences in major causes of death such as hypertension, diabe-
tes, fatal stroke, and heart disease. The gap in health seems to be greatest
between the ages of 51 and 63 (Hayward et al., 2000). Despite the 30-year
trend toward convergence, the age-adjusted mortality rate from all causes
of death for African Americans remains 1.3 times greater than that of
Caucasians. This differential produces a life expectancy gap between Afri-
can Americans and Caucasians of 5.3 years for men and 4.4 years for
women (Hoyert et al., 2006). Furthermore, it also appears that African
Americans are less likely to survive to middle age, and if they do, they are
more likely to have health problems (Hayward et al., 2000).

Health disparities are a major public health concern and are a major
emphasis of research across the country and across many disciplines. Ge-
netic, social, and behavioral studies have shown that there are a large
number of correlated differences across ethnic groups at the genetic, cul-
tural, and environmental levels. From a methodological point of view, any
comparison across ethnic groups from a single disciplinary vantage point
will have a tremendous confounding issue. It is only by studying the mul-
tiple levels and risk factors simultaneously within subgroups (defined by
ethnicity, geography, genetic backgrounds, and exposures to the environ-
ment) that we will begin to understand how specific combinations of envi-
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ronmental factors combine with specific combinations of genetic factors to
give rise to health differences.

Race and Genetic Variation

Geographic origin, patterns of migration, selection, and historic events
can lead to development of populations with very different genetic allele
frequencies. Historically, to the extent that barriers such as large deserts or
bodies of water, high mountains, or major cultural factors impeded com-
munication and interaction of people, mating was restricted within group,
producing genetic marker differences and thus, differences in the presence
of specific disease-related alleles (see Box 5-1) (Kittles and Weiss, 2003). In
line with this, Burchard and colleagues (2003) found that population ge-
netic research of the last 20 years shows that the largest genetic differences
occur between groups separated by continents. However, an analysis
of 134 meta-analyses of genetic association studies by Ioannidis et al.
(2004) found “at least 85% of genetic variation is accounted for by within-
population interindividual differences, not by differences between groups.”

Claims about correlations among genetic variation and race vary widely.
Self-identified race/ethnicity corresponds highly to genetic cluster categories
according to Tang and colleagues (2005); of the 3,636 individuals studied,
less than 1 percent exhibited differences between their self-identified race/
ethnicity and genetic cluster membership. However Bamshad (2005) in his
review of the literature suggests that while genetic ancestry and geographic
ancestry are correlated, race and genetic ancestry is only modestly related.

Research into differences among population groups often uses single
nucleotide polymorphism (SNP) markers to identify phenotypic variation.
SNPs may affect a given phenotype at multiple levels so that a given protein
is altered in its sequence, in its proper place in the organism, and in its
proper development time. A codon may be altered that leads to protein
with an altered amino acid sequence which results in either an inactive or a
hyperactive form of the protein in every cell where the protein is expressed.
A part of the promoter may be altered such that a protein is absent in some
of its normal tissues but not in others or is present in the wrong tissue or at
the wrong time. An mRNA splice site may be altered such that protein
isoforms are inappropriately expressed in a given tissue. A target sequence
may be altered leading to aberrant targeting of the protein to cellular com-
partments. An untranslated sequence in the 3'-end of the gene may be
altered to give a longer or shorter period of existence for a given mRNA.
Finally, an epigenetic mechanism may be altered leading to changes in
developmental timing of a particular protein.

Due to evolutionary history, sequence is more highly conserved in cod-
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BOX 5-1
The Importance of Ancestral Origin

Despite the complexities and care that must be taken in attributing phenotypic
differences to genetic differences among races, much may be gained by focusing
on disorders that occur more frequently within a well-defined population. Ethnic
groups or groups that share common ancestry have the same total frequency of
genetic disorders (Clayton-Smith and Donnai, 2002; Rimoin et al., 2002). Howev-
er, each differs in the frequency of different specific genetic disorders, which may
have occurred through a variety of mechanisms, such as founder effects and bot-
tlenecks. One of these mechanisms is natural selection, when heterozygotes have
a selective advantage. In the homozygous state, however, these alleles lead to
deleterious disorders. For example, sickle cell disease is thought to occur with high
frequency in populations originating in Africa where malaria is common, because
the heterozygotes are relatively resistant to malaria.

By studying these diseases within the populations in which they are most com-
mon, it has been possible to identify the genes responsible for some of these
disorders, knowledge that can then be used to alter the incidence of disease. Ex-
citing outgrowths of these investigations would be the development of genotype-
specific prevention strategies and the eventual development of disease-specific
treatments to benefit affected individuals—although the possibility of incomplete
penetrance always must be considered, especially for complex diseases.

For example, in addition to having a shared religion, a cultural heritage, an oral
tradition, and a written language, Jews also share a common gene pool, dating
back to their common origins almost 4,000 years ago. Although the frequency of
genetic diseases in general is no greater in Jews than in any other ethnic group,
this shared genetic background has resulted in certain hereditary diseases occur-
ring at a higher frequency in individuals of Jewish ancestry (Abel, 2001). Because
of the historical migrations of Jews out of Israel over the millennia and the subse-
quent centuries of long geographic separation of segments of the Jewish commu-
nity, there are disorders that are more common among certain subgroups within
the Jewish community; such as Ashkenazi, Sephardi, and Persian.

ing regions when compared to noncoding regions. This feature creates the
following situation in the genetic research of traits of great importance for
public health: the interactions of SNPs with environment will be subtle and
so will require large studies comprised of large cohorts carefully phenotyped
for large numbers of environmental factors and genotyped for thousands of
SNPs. Yet another challenge facing investigation using SNPs is that the bulk
of SNPs found are not located in the conserved coding regions. Coordina-
tion of researchers involved in studies of humans, of other mammalian
systems, of protein biochemistry and site-directed mutagenesis, and of cel-
lular biology will be required to understand the interaction of genes and
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* Diseases, such as Tay-Sachs disease and Gaucher disease, are relatively
common among Ashkenazi Jews. Many other less common disorders (Bloom syn-
drome, Familial Dysautonomia, Niemann Pick disease and Canavan’s syndrome)
also occur at higher incidence in individuals with a European Jewish heritage
(Kaback, 2001; Brady, 2006).

* More common among other branches of Jewish people is Familial Mediterra-
nean Fever and Beta-thalassemia in Sephardic Jews, while Persian Jews experi-
ence Inclusion Body Myopathy more often (Shohat et al., 1992; Zeharia et al., 2005).

* Of more far-reaching clinical impact is the recognition that several of the
most common diseases of mankind are seen at a high frequency within Jewish
families, and within Jewish families there are characteristic molecular genetic
markers for these diseases. Among these are coronary artery disease, inflamma-
tory bowel disease (ulcerative colitis and Crohn’s disease), diabetes, and certain
forms of cancer, such as breast and colon cancer (McClain et al., 2005).

Screening for carriers of Tay-Sachs disease has virtually eliminated this once
common and devastating disorder among Jews. Research into the biochemical
basis of Gaucher disease has led to enzyme replacement therapy, which is of
enormous benefit to affected individuals. Testing the relatives of individuals with
genetic disorders (such as cystic fibrosis or Canavan’s disease) can help prevent
the recurrence of these disorders in the family. Screening for mutations associated
with breast cancer has relieved the anxiety of many women who have seen their
female relatives develop cancer and has allowed for more careful follow-up of
those who are at higher risk. Additional research will undoubtedly lead to more
effective screening and treatment programs for other disorders that affect Jewish
families (McGinness and Kaback, 2002).

Other subpopulations have higher frequencies of certain diseases that have
strong genetic contributions. Cystic fibrosis is more common in the Scots and Irish,
while thalassemias are more prevalent in Mediterranean populations. Hemochroma-
tosis is associated with a mutant allele (C282Y) that is found in all European groups
and at especially high frequency (8 to 10 percent) in northern Europeans, but it is
virtually absent in non-Caucasian groups (Merryweather-Clarke et al., 2000).

environment required to make an impact on public health in the United
States.!

The use of SNPs also may aid in understanding variations in health
outcomes among racial/ethnic groups. Using a sample that included a small
number (less than 50 each) of African Americans, Hispanics, Asians, and
Europeans, Smith et al. (2001) found that distribution of genetic variants

1The committee would like to thank Kent Taylor, Ph.D., Associate Director, Genotyping
Laboratory, Medical Genetics Institute at Cedars Sinai Medical Center for his explication of
SNP variation.
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showed a median difference of 15 to 20 percent at both the microsatellite
and SNP markers. Additionally, 10 percent of all markers showed a differ-
ence of 40 percent or more. To the extent that findings from this study
reflect the larger population, one would hypothesize that an allele with 20
percent or greater frequency in one racial group would also be found in
another racial group, while those with a frequency below 20 percent would
most likely be race-specific.

According to Burchard (2003), “race-specificity of variants is particu-
larly common among Africans, who display greater genetic variability than
other racial groups and have a larger number of low-frequency alleles.”
Burchard concludes that variation among racial groups in the occurrence of
variant alleles underlying disease or normal phenotypes may lead to differ-
ences in occurrence of the phenotypes themselves. For example, in some
studies of hypertension, variation of SNPs at different allelic frequencies
from one population to another suggest that higher rates of hypertension
found in African Americans may be related to the alternations in DNA that
vary by group (Cui et al., 2003; Erlich et al., 2003). Prior to drawing
conclusions, however, one must consider alternative explanations that in-
clude gene-environment interactions as possible contributors to observed
disparities (Whitfield and McClearn, 2005).

Arguments that genetic factors cannot be a major cause of health dis-
parities arise out of a paradigm of genetic research that focuses on indepen-
dent effects of genetics. Research on health disparities is an important
opportunity to integrate biological knowledge with social and behavioral
knowledge in order to better understand the determinants of disease. Social
factors are certainly key contributors, but there is evidence that those fac-
tors do not account for all health differences (Braun, 2002). Conversely,
solely focusing on molecular genetics ignores the dynamic nature of popu-
lations of DNA and the complex relationships among genes, organisms,
and environment.

Considerable literature exists concerning how environmental processes,
events, and circumstances contribute to development and behavior in ways
that influence health as well. Some of these environmental factors are nega-
tive and are found to be more prevalent in the development of minorities.
Some research suggests that African Americans may experience events and
circumstances that have sociocultural origins that significantly influence
development over the life course (Levine, 1982; Spencer et al., 1985;
McLoyd and Randolph, 1985; Jackson, 1985; Jackson and Chatters, 1986).
These sociocultural influences contribute to differences between racial
groups as well as to differences between individuals within groups (Krauss,
1980; Levine, 1982; Jackson and Chatters, 1986). Sources of individual
differences in health and behavior in African Americans have implications
for the quality of late life as well as quantity of late life (years of life
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remaining). The multiple jeopardy hypothesis, for example, holds that nega-
tive environmental, social, and economic conditions during the early years
of life for African Americans detrimentally affect social, psychological, and
biological conditions in late life (Jackson, 1989). Although this hypothesis
attempts to explain health differentials experienced by African Americans
relative to Caucasians, it is critical to remember that there is considerable
individual variability in these conditions within the African American popu-
lation and within other minority populations.

In the search for the environmental origins of health differentials among
ethnic groups, much of the earlier research focused on behaviors and social
structures (NRC, 2001). The complexity of variables within racial groups
presents challenges to identifying single, simple causes for poor health
among racial/ethnic minorities. For example, environmental and behavioral
variability among Hispanics evinces similarities and differences among its
subgroups. This racial/ethnic (Hispanic) category consists of people from
more than 20 different origins, but the people share a common language.
Conversely, the groups within the Hispanic category significantly differ in
their regional concentrations in the United States (e.g., Mexicans in the
Southwest, Puerto Ricans in the Northeast, and Cubans in the Southeast)
(NRC, 2001). In the United States, a significant relationship between race/
ethnicity and foreign birth status also is found (NRC, 2001). Contrasts
between immigrants and their U.S.-born peers suggest an advantage in
health status to those who are foreign born (Singh and Yu, 1996; Hummer
et al., 1999), at least until they become oriented to American culture. Then
the advantage decreases (Vega and Amaro, 1994).

Perhaps the most studied social variable in the search for environmental
origins of health differentials is socioeconomic status (SES) (see Chapter 2).
For example, substantial differences exist between African Americans and
Caucasian Americans with regard to their socioeconomic position. Thus,
according to the U.S. Census Bureau’s Current Population Survey (DeNavas
et al., 2005), the median income for African American households was
$30,134 in 2004 (the latest year for which data are available), compared to
$48,977 among non-Hispanic Caucasian Americans. Poverty rates among
African American households are nearly three times as high (24.7 percent in
2004), compared to Caucasian households (8.6 percent). Comparing house-
holds reporting similar levels of income, African American households report
substantially lower levels of net wealth compared to Caucasian Americans
(Conley, 1999). These differences in income and wealth are partly attribut-
able to differences in average educational attainment when comparing Afri-
can Americans (17.6 percent of whom reported having bachelor’s degree or
higher in 2004) to Caucasian Americans (30.6 percent of whom had a
bachelor’s degree or higher) (U.S. Census Bureau, 2005). Racial differences in
intergenerational transfers of wealth, the growth of home equity over time,
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and access to federal programs that facilitated home ownership after World
War II have played an even larger role in racial disparities in wealth over time
(Oliver and Shapiro, 1997). African Americans also report higher levels of
uninsurance (19.7 percent in 2004) compared to Caucasian Americans (11.3
percent) (DeNavas et al., 2005).

Research reveals that these socioeconomic differences between races
account for a substantial portion of the racial disparity in health outcomes
(IOM, 2000). At the same time, adjusting for socioeconomic differences
does not completely eliminate racial disparities for all health outcomes
(e.g., infant mortality). In other words, there is an independent contribution
of racial/ethnic status to disparities in specific health outcomes. These re-
sidual health differences may result from the adverse health consequences
of perceived discrimination for African Americans (IOM, 2000), from po-
tential differences in biological susceptibility to disease, and/or from gene-
environment interactions.

A universal finding is that people with higher indices of SES (education,
income, and occupational grade) have lower mortality rates and lower rates
of most diseases. However, more research is needed on how particular
markers of SES show linear or nonlinear effects on health status (NRC,
2001). These gradients will be critical to understand in examining how
genetic influences vary in social environments.

One of the future and formidable challenges to using the information
ascertained from adding genetic information to examinations of health differ-
entials is to gain an understanding of the underlying effect genes have on
health within these complex environments. It may be found that the polymor-
phisms that occur in genotypes are destructive or protective factors related to
disease and health that are created, modified, or triggered by cultural and
contextual factors (Whitfield, 2005; Whitfield and McClearn, 2005).

CONCLUSION

Sex-linked biology and gender relations, as well as the concepts of race
and ethnicity, require conceptual clarity in order to determine the interac-
tive influences of each in giving rise to health differentials. To narrowly
focus on such concepts impedes an appreciation of the rich variety among
humans, however attention must be given to these and other categories in
order to conduct meaningful research assessing the impact on health of
interactions among social, behavioral, and genetic factors. For example,
although a consistent genetic effect across racial groups can result in genetic
variants with a common biological effect, that effect can be modified by
both environmental exposures and the overall admixture of the population.
The challenge is to parse out how health outcomes are influenced by genetic
variations, behavioral and cultural practices, and social environments inde-
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pendently and as they interact with each others, while recognizing that sex,
gender, race, and ethnicity may play important roles in their own right and
because of their social meanings.

REFERENCES

Abel EL. 2001. Jewish Genetic Disorders: A Layman’s Guide. Jefferson, NC: McFarland &
Company.

Arber S, McKinlay J, Adams A, Marceau L, Link C, O’Donnell A. 2006. Patient characteristics
and inequalities in doctors’ diagnostic and management strategies relating to CHD: A
video-simulation experiment. Social Science and Medicine 62(1):103-115.

Bamshad M. 2005. Genetic influences on health: Does race matter? Journal of the American
Medical Association 294(8):937-946.

Brady RO. 2006. Enzyme replacement for lysosomal diseases. Annual Review of Medicine
57:283-296.

Braun L. 2002. Race, ethnicity, and health: Can genetics explain disparities? Perspectives in
Biology and Medicine 45(2):159-174.

Bruno A, Conus S, Schmid I, Simon HU. 2005. Apoptotic pathways are inhibited by leptin
receptor activation in neutrophils. Journal of Immunology 174(12):8090-8096.

Burchard EG, Ziv E, Coyle N, Gomez SL, Tang H, Karter AJ, Mountain JL, Perez-Stable EJ,
Sheppard D, Risch N. 2003. The importance of race and ethnic background in biomedical
research and clinical practice. New England Journal of Medicine 348(12):1170-1175.

Clayton-Smith J, Donnai D. 2002. Human malformations. In: Rimoin D, Connor ], Pyeritz R,
Korf B, editors. Emery and Rimoin’s Principles and Practice of Medican Genetics. 4th
edition. New York: Churchill Livingstone. Pp. 488-500.

Conley D. 1999. Being Black, Living in the Red: Race, Wealth, and Social Policy in America.
Los Angeles: University of California Press.

Cooper RS, Kaufman JS, Ward R. 2003. Race and genomics. New England Journal of Medicine
348(12):1166-1170.

Cui J, Zhou X, Chazaro I, DeStefano AL, Manolis AJ, Baldwin CT, Gavras H. 2003. Associa-
tion of polymorphisms in the promoter region of the PNMT gene with essential hyperten-
sion in African Americans but not in whites. American Journal of Hypertension 16(10):
859-863.

DeNavas-Walt C, Proctor BD, Hill Lee C (U.S. Census Bureau). 2005. Income, Poverty, and
Health Insurance Coverage in the United States: 2004. Washington, DC: U.S. Government
Printing Office.

Erlich PM, Cui J, Chazaro I, Farrer LA, Baldwin CT, Gavras H, DeStefano AL. 2003. Genetic
variants of WNK4 in whites and African Americans with hypertension. Hypertension
41(6):1191-1195.

Grieco E, Cassidy R. 2001. Overview of Race and Hispanic Origin: Census 2000 Brief. Wash-
ington, DC: U.S. Census Bureau.

Hallschmid M, Benedict C, Schultes B, Fehm HL, Born J, Kern W. 2004. Intranasal insulin
reduces body fat in men but not in women. Diabetes 53(11):3024-3029.

Hayward MD, Crimmins EM, Miles TP, Yu Y. 2000. The significance of socioeconomic status
in explaining the racial gap in chronic health conditions. American Sociological Review
65(6):910-930.

Hermes GL, Rosenthal L, Montag A, McClintock MK. 2006. Social isolation and the inflam-
matory response: Sex differences in the enduring effects of a prior stressor. American
Journal of Physiology. Regulatory, Integrative and Comparative Physiology 290(2):
R273-282.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11693.html

ironment: Moving Beyond the Nature/Nurture Debate

106 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

Hochschild A. 1989. The Second Shift. New York: Viking.

Hoyert DL, Heron M, Murphy SL, Kung HC (National Center for Health Statistics). 2006.
Deatbs: Final Data for 2003. [Online]. Available: www.cdc.gov/nchs/products/pubs/pubd/
hestats/finaldeaths03/finaldeaths03.htm [accessed June 7, 2006].

Hummer RA, Rogers RG, Nam CB, LeClere FB. 1999. Race/ethnicity, nativity, and U.S. adult
mortality. Social Science Quarterly (University of Texas Press) 80(1):136-153.

Toannidis JPA, Ntzani EE, Trikalinos TA. 2004. ‘Racial’ differences in genetic effects for com-
plex diseases. Nature Genetics 36(12):1312-1318.

IOM (Institute of Medicine). 1999. The Unequal Burden of Cancer: An Assessment of NIH
Research and Programs for Ethnic Minorities and the Medically Underserved. Washington
DC: National Academy Press.

IOM. 2000. Promoting Health: Intervention Strategies from Social and Behavioral Research.
Washington, DC: National Academy Press.

IOM. 2001. Exploring the Biological Contributions to Human Health: Does Sex Matter? Wash-
ington, DC: National Academy Press.

Ippolito G, Puro V, Heptonstall ], Jagger J, De Carli G, Petrosillo N. 1999. Occupational
human immunodeficiency virus infection in health care workers: Worldwide cases through
September 1997. Clinical Infectious Diseases 28(2):365-383.

Jackson J. 1985. Race, national origin, ethnicity, and aging. In: Binstock R, Shanas E, editors.
Handbook of Aging and Social Sciences. New York: Van Nostrand-Reinhold. Pp.
264-303.

Jackson J, Chatters LNH. 1986. The subjective life quality of Black Americans. In: Andrews F,
editor. Research on the Quality of Life. Ann Arbor, MI: Institute for Social Research.

Jackson JPC. 1989. Physical health conditions of middle and aged blacks. In: Markides K,
editor. Aging and Health: Perspectives on Gender, Race, Grace, Ethnicity, and Class.
Newbury Park, CA: Sage. Pp. 111-176.

Kaback MM. 2001. Screening and prevention in Tay-Sachs disease: Origins, update, and im-
pact. Advances in Genetics 44:253-265.

Kawachi I, Kennedy BP, Gupta V, Prothrow-Stith D. 1999. Women’s status and the health of
women and men: A view from the States. Social Science and Medicine 48(1):21-32.
Kittles RA, Weiss KM. 2003. Race, ancestry, and genes: Implications for defining disease risk.

Annual Review of Genomics and Human Genetics 4(1):33-67.

Krauss I. 1980. Between and within group comparisons in aging research. In: Poon L, editor.
Aging in the 1980’s: Psychological Issues. Washington, DC: American Psychological Asso-
ciation. Pp. 542-551.

Krieger N. 2003. Genders, sexes, and health: What are the connections—and why does it
matter? International Journal of Epidemiology 32(4):652-657.

Lee S, Colditz GA, Berkman LF, Kawachi I. 2003. Caregiving and risk of coronary heart disease in
U.S. women: A prospective study. American Journal of Preventive Medicine 24(2):113-119.

Levine E. 1982. Old people are not alike: Social class, ethnicity/race, and sex are bases for
important differences. In: Sieber J, editor. The Ethics of Social Research. New York:
Springer-Verlag. Pp. 127-144.

Mayes JS, Watson GH. 2004. Direct effects of sex steroid hormones on adipose tissues and
obesity. Obesity Review 5(4):197-216.

McClain MR, Nathanson KL, Palomaki GE, Haddow JE. 2005. An evaluation of BRCA1 and
BRCA2 founder mutations penetrance estimates for breast cancer among Ashkenazi Jew-
ish women. Genetics in Medicine: Official Journal of the American College of Medical
Genetics 7(1):34-39.

McGinness M, Kaback M. 2002. Heterozygote testing and carrier screening. In: Rimoin D,
Connor ], Pyeritz R, Korf B, editors. Emery and Rimoin’s Principles and Practice of
Medical Genetics. 4th edition. New York: Churchill Livingstone. Pp. 752-762.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11693.html

ironment: Moving Beyond the Nature/Nurture Debate

SEX/GENDER, RACE/ETHNICITY, AND HEALTH 107

McKinlay JB. 1996. Some contributions from the social system to gender inequalities in heart
disease. Journal of Health and Social Behavior 37(1):1-26.

McLoyd VC, Randolph SM. 1985. Secular trends in the study of Afro-American children: A
review of child development, 1936-1980. Monographs of the Society for Research in Child
Development 50(4-5):78-92.

Merryweather-Clarke AT, Pointon JJ, Jouanolle AM , Rochette J, Robson KJ. 2000. Geography
of HFE C282Y and H63D mutations. Genetic Testing 4(2):183-198.

NRC (National Research Council). 2001. New Horizons in Health: An Integrative Approach.
Washington, DC: National Academy Press.

NRC/IOM. 2000. From Neurons to Neighborhoods: The Science of Early Childhood Develop-
ment. Washington, DC: National Academy Press.

Oliver ML, Shapiro TM. 1997. Black Wealth, White Wealth: A New Perspective on Racial
Inequality. New York: Routledge Press.

Reskin B, Padavic 1. 1994. Women and Men at Work. Thousand Oaks, CA: Pine Forge Press.

Rimoin D, Connor M, Pyeritz R, Korf B. 2002. Nature and frequency of genetic disease. In:
Rimoin D, Connor J, Pyeritz R, Korf B, editors. Emery and Rimoin’s Principles and
Practice of Medical Genetics. 4th edition. New York: Churchill Livingstone. Pp. 55-59.

Risch N, Burchard E, Ziv E, Tang H. 2002. Categorization of humans in biomedical research:
Genes, race and disease. Genome Biology 3(7):comment 2007.1-2007.12.

Sheu WH, Lee W], Chen YT. 1999. High plasma leptin concentrations in hypertensive men but
not in hypertensive women. Journal of Hypertension 17(9):1289-1295.

Shields A, Fortun M, Hammonds EM, King PA, Lerman C, Rapp R, Sullivan PF. 2005. The use
of race variables in genetic studies of complex traits and the goal of reducing health
disparities: A transdisciplinary perspective. American Psychologist 60(1):77-103.

Shohat M, Bu X, Shohat T, Fischel-Ghodsian N, Magal N, Nakamura Y, Schwabe AD,
Schlezinger M, Danon Y, Rotter JI. 1992. The gene for familial Mediterranean fever in
both Armenians and non-Ashkenazi Jews is linked to the alpha-globin complex on 16p:
Evidence for locus homogeneity. American Journal of Human Genetics 51(6):1349-1354.

Singh GK, Yu SM. 1996. Adverse pregnancy outcomes: Differences between U.S.- and foreign-
born women in major U.S. racial and ethnic groups. American Journal of Public Health
86(6):837-843.

Smith MW, Lautenberger JA, Shin HD, Chretien JP, Shrestha S, Gilbert DA, O’Brien SJ. 2001.
Markers for mapping by admixture linkage disequilibrium in African American and His-
panic populations. American Journal of Human Genetics 69(5):1080-1094.

Spencer MB, Brookens GR, Allen WR. 1985. Beginnings: The Social and Affective Develop-
ment of Black Children. Hillsdale, NJ: Lawrence Erlbaum Associates.

Tang H, Quertermous T, Rodriguez B, Kardia SL, Zhu X, Brown A, Pankow ]S, Province MA,
Hunt SC, Boerwinkle E, Schork NJ, Risch NJ. 2005. Genetic structure, self-identified race/
ethnicity, and confounding in case-control association studies. American Journal of Hu-
man Genetics 76(2):268-275.

U.S. Census Bureau. 2005. Table A: Summary Measures of the Educational Attainment of the
Population, Ages 25 and Over: 2004. [Online]. Available: www.census.gov/Press-Release/
www/releases/archives/04eductableA.xls.

Vega WA, Amaro H. 1994. Latino outlook: Good health, uncertain prognosis. Annual Review
of Public Health 15:39-67.

Whitfield KE. 2005. Studying biobehavioral aspects of health disparities among older adult
minorities. Journal of Urban Health 82(2 Suppl 3):1ii103-110.

Whitfield KE, McClearn G. 2005. Genes, environment, and race: Quantitative genetic ap-
proaches. American Psychologist 60(1):104-114.

Whitfield KE, Brandon DT, Wiggins SA. 2002. Sociocultural influences in genetic designs of
aging: Unexplored perspectives. Experimental Aging Research 28(4):391-40S.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11693.html

ironment: Moving Beyond the Nature/Nurture Debate

108 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

Williams TJ, Pepitone ME, Christensen SE, Cooke BM, Huberman AD, Breedlove NJ, Breedlove
TJ, Jordan CL, Breedlove SM. 2000. Finger-length ratios and sexual orientation. Nature
404(6777):455-456.

Zeharia A, Fischel-Ghodsian N, Casas K, Bykhovskaya Y, Tamari H, Lev D, Mimouni M,
Lerman-Sagie T. 2005. Mitochondrial myopathy, sideroblastic anemia, and lactic acido-
sis: An autosomal recessive syndrome in Persian Jews caused by a mutation in the PUS1
gene. Journal of Child Neurology 20(5):449-452.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11693.html

ironment: Moving Beyond the Nature/Nurture Debate

6

Embedded Relationships Among Social,
Behavioral, and Genetic Factors

Over the past several decades, there has been an exponential increase in
our understanding of the social, behavioral, and genetic components of
health and disease. Accompanying that understanding is a need to more
fully connect and integrate knowledge across all levels of these determi-
nants of health. Such integration will provide a better understanding of
how social factors are translated into physiological effects on cellular re-
sponses, including changes in gene expression. Likewise, the genomics revo-
lution, catalyzed by the Human Genome Project, has stimulated wide-
spread interest in how genetic variations may influence human behavior
and response to social factors.

The previous chapters have implicitly used a linear, if not hierarchical,
model to describe the strengths of and lacunae in our current understanding
of reciprocal interactions among the various levels of organization: social
factors, individual behavior and experience, physiological systems, and gene
function. In this chapter we explore how future work must recognize that
such a linear approach does not fully reflect the integrated nature of the
social and physical environment and gene function that is the salient feature
of biological systems. Instead, we must use a variety of models in order to
address the fact that rarely is there a one-to-one relationship between genes
and a trait.

Indeed, with only ~30,000 genes in the human genome, most genes are
likely to serve different functions at different times and in different environ-
ments (McClintock et al., 2005). Moreover, the selection of our genome
occurred when our ancestors migrated, through the interaction with differ-
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ent social and physical environments. This affected not only their life-span
trajectories, fertility, health, and disease and survival rates, but also those of
their children and grandchildren (see Chapter S for additional discussion).
Thus information in the genome is inextricably linked with the cellular,
physiological, psychological, social, and physical environments in which it
functions over a lifetime, and many of these nongenetic factors are passed
on to subsequent generations.

One of the limitations of a purely hierarchical perspective to integrating
knowledge across levels is that, in reality, the effects of variation at any one
level (e.g., gene, gene transcript, protein, metabolite, or tissue) are actually
embedded in another level and are not simply “underneath” or “above” the
other level. A well-established hierarchy is illustrated by the ways in which
DNA is transcribed into messenger RNA, which is then translated into
protein, which in turn is appropriately folded and chemically modified in
order to perform a specific function in protein complexes. Conversely, an
example of the complex, nonhierarchical, and embedded nature of biologi-
cal information is the fact that some DNA variations affect transcription
but are not found in the messenger RNA; other variants are transcribed and
affect translation but are not found in the translated protein; and still others
are transcribed, translated, and ultimately affect protein function. The fol-
lowing subsections further illustrate this concept and its implications for
assessing the impact of associations and interactions among social, behav-
ioral, and genetic factors on health.

THINKING FROM THE BOTTOM UP:
GENOMIC INFORMATION INFLUENCING GENE EXPRESSION

The Human Genome Project and many other international efforts have
been focused on understanding the nature of the genome and its variations.
Millions of single nucleotide polymorphisms (SNPs) have been identified
(e.g., see dbSNP from the National Center for Biotechnology Informa-
tion!), and investigators around the world are engaged in performing ge-
netic association studies in order to better understand the influences of
these variations on measures of health and disease. It is well known that
genetic variations within a gene can alter its expression both quantitatively
and qualitatively. For example, mutations within the promoter region of a
gene can influence when, where, and how much a particular gene is ex-
pressed (i.e., transcribed in messenger RNA). Currently, most gene expres-
sion studies ignore individual-level variation in gene expression due to
genetic variation. However, over the past few years several landmark stud-

1See www.bioinfo.org.cn/relative/dbSNP%20Home %20Page.htm.
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ies in humans have shown that genetic variation within a gene can have
profound effects on gene expression. In a study by Lo et al. (2003), allele-
specific expression of 602 transcribed SNPs was examined, and 54 percent
of genes showed preferential expression of one allele over another. At least
25 percent of the 602 transcribed SNPs showed more than a four-fold
difference in expression between the two alleles. Cheung et al. (2005) have
demonstrated that the expression level of genes is highly heritable in hu-
mans and map onto different regions of the genome. In a small study of 14
pedigrees, variation in more than 1,000 genes expressed in human lympho-
cyte cell lines (out of 3,554 genes examined) was significantly heritable and
linked to regions of the genome. Further, they found that only 374 of these
1,000 genes with heritable expression patterns showed evidence of possible
mutations in their own gene region that directly affected transcription lev-
els. Using a genome-wide association approach with >770,000 SNPs,
Cheung et al. (2005) found 27 genes with the greatest evidence of inherited
expression patterns could be divided into 2 approximately equal subsets—
those with SNP associations in their genomic region (cis-effects) and those
with SNP associations on different chromosomes (trans-effects). Functional
analysis using allele-specific binding assays (HaploChip assay) were then
used to confirm the results from the SNP association study. By utilizing
transcriptomic and genomic data simultaneously, new insights into the
causes of variability in gene expression are being discovered. This type of
research (discussed in the following sections) could be very beneficial to
understanding why some people in a population have adverse responses to
environmental exposures while others do not.

Transcriptomics Technologies

Transcriptomics is a term used to describe the genome-wide measure-
ment of mRNA transcripts in a particular tissue or cell line. The two main
technologies used for genome-wide measurements of gene expression
(mRNA expression) are DNA microarrays and serial analysis of gene ex-
pression (SAGE). In DNA microarray technology, thousands of known
DNA sequences are bound systematically to a solid platform, and mRNA
that has been extracted from a particular sample (and fluorescently labeled)
is then hybridized to the DNA sequences. In contrast, SAGE is a high-
throughput technology based on the sequencing of short sequence tags
within each mRNA transcript found within a particular tissue. It provides a
method of directly sampling the population of mRNAs in a cell rather than
being restricted to preselected gene transcripts that have been placed on a
chip. A number of important issues have been identified involving the
reproducibility and standardization associated with these technologies and
the massive datasets they produce. Progress in data quality and data sharing
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has been facilitated in large part by the creation of the Minimum Informa-
tion About a Microarray Experiment guidelines by the Microarray Gene
Expression Data Society (Brazma et al., 2001; Ball et al., 2002a; Ball et al.,
2002b; Ball et al., 2004a; Ball et al., 2004b). The tremendous emphasis on
data sharing of transcriptomic studies has been a major asset to the scien-
tific community, both as a source of independent data that can be used as a
means of validating results in diverse sample populations and in cross-
species comparisons. It also has stimulated the development of new knowl-
edge about global patterns of gene expression that are associated with
particular cellular systems (Malek et al., 2002; Stuart et al., 2003).

The field of transcriptomics also has catalyzed the development of
many novel statistical and pattern recognition methods, as researchers ini-
tially struggled to analyze massive amounts of data to identify genes whose
expression profiles were found to be altered, co-regulated, or representative
of key pathways thought to be activated by environmental exposures. Clus-
ter analysis has been one commonly used tool for multidimensional visual-
ization and the discernment of underlying subgroups of individuals with
similar expression profiles (reviewed by Brun et al., 2004). Network models
and supervised machine learning algorithms also have been important in
generating new insights about key pathways in disease development or even
predicting disease outcomes using these high-dimensional data. Through
advances in bioinformatics it is now possible to merge gene expression data
with additional data sources in order to aid the investigative process. For
example, the hundreds of genes found to be associated with a disease or
environmental exposure in a transcriptomic study can easily be linked to
PubMed abstracts or the associated Medical Subject Heading terms (Jenssen
et al., 2001; Fink et al., 2003; Doniger et al., 2003; Djebbari et al., 2005).
Likewise, merging gene expression results with SNP databases, genetic link-
age databases, epigenetic information on imprinting, comparative genomic
hybridization arrays, proteomic databases, and metabolic pathway data-
bases provides an unparalleled opportunity for integration across the levels
of the molecular universe that characterizes our human biology. For ex-
ample, the Gene Ontology Project (www.geneontology.org) attempts to
classify gene products, assigning proteins to groups specifying their molecu-
lar function, the biological process to which they contribute, and their
cellular component (Ashburner et al., 2000). Similarly, using Enzyme Com-
mission numbers, genes can be mapped to metabolic and signaling pathway
databases such as the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(www.genome.ad.jp/kegg) (Kanehisa, 2002). In general, microarray tech-
nology is an incredibly powerful tool used to investigate complex gene
expression relationships on a genome-wide scale, and it likely will be in-
valuable in assessing the relationships among social, behavioral, and ge-
netic factors as they relate to health and disease.
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Epigenetic Phenomenon

Epigenesis originated as a term to describe the processes in embryonic
development that transforms the undifferentiated cells in the newly fertil-
ized egg into a complex, multitissue organism. Today, it is used in a much
broader sense to represent everything from the general concept of the forces
that shape how an individual’s genotype gives rise to a particular phenotype
(Waddington, 1957; Petronis, 2003) to the specific molecular mechanisms
by which cells differentiate, age, change metabolic functions, or even trans-
form into cancerous cells (Jablonka and Lamb, 2002). The most well-
known mechanism for the epigenetic regulation of cell phenotypes is DNA
methylation, which turns off a gene or gene region (i.e., keeps it from being
expressed) by changing the chemical structure of the DNA (Jaenisch and
Bird, 2003). Many different factors can affect the methylation pattern of
genes and thus affect their expression. For example, as a normal part of
human development genes are turned on and off using methylation pro-
cesses stimulated by other gene products in the embryo, fetus, newly born
infant, child, adolescent, and aging adult. Environmental factors such as
infection and diet are also known to affect gene methylation. For example,
the work of Waterland and Jirtle (2004) suggests that prenatal and postna-
tal nutrition can have long-lasting epigenetic effects on an adult’s predispo-
sition to obesity, cardiovascular disease (CVD), type 2 diabetes, and cancer.
Rett syndrome is an example of a clinical syndrome typified by mental
retardation and autistic-like behaviors that arises through the failure of
these methylation processes (Shahbazian and Zoghbi, 2002).

In addition to the growing body of research on the environmental and
developmental factors that affect epigenesis, there also is evidence that
epigenetic patterns of gene expression may be inherited and can affect
genetically inherited diseases. For example, through a process known as
genetic imprinting, the methylation pattern in a parent is passed onto off-
spring through the germline and in some cases this has been associated with
differential disease patterns.

In general, epigenetic phenomena are thought to govern a very wide
array of biological processes that determine how genotypes interact with
environmental factors in a complex, dynamic fashion to give rise to pheno-
typic variability both across individuals with the same genotype or same set
of environmental exposures as well as across a person’s lifetime. The ways
in which these epigenetic processes impart a kind of cellular memory of
activity and experience that is passed to daughter cells indicates that the
timing of particular environmental exposures may be key to the develop-
ment of particular diseases for individuals with particular genotypes. It also
has been suggested that this cellular memory may lead individuals to select
particular environments, thus creating a correlation between genotypes and
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environments (Carey, 2003; Gottesman and Hanson, 2005). From the
standpoint of assessing the associations and interactions among social, be-
havioral, and genetic factors, epigenetic processes are likely to play a major
role in determining how these seemingly disparate factors operate together
to give rise to the distribution of disease in a population. These processes
also are likely to explain differences in research results across studies or
populations when only simple single biomarkers or social indicators are
examined.

An increasing number of studies are starting to relate changes in DNA
methylation patterns to altered patterns of gene expression that are associ-
ated with disease risk (reviewed by Jones, 2005). These observations have
led to the development of technologies that are capable of scanning the
genome for altered patterns of DNA methylation (e.g., Kaminsky et al.,
2005). Nickel, cadmium, and xenobiotics (such as diethylstilbesterol or
DES) all have been shown to affect gene methylation (Sutherland and Costa,
2003; Bombail et al., 2004). Methylation, as a means of inhibiting gene
expression semi-permanently, means that some toxicological agents could
have permanent effects on the genomic capacity of the individual to adapt
to changing environments, including other toxic agents in their environ-
ment. CpG array-based technology is quickly advancing and now allows
for the simultaneous detection of altered DNA methylation, histone acety-
lation, and gene expression (Shi et al., 2003). As this field progresses, it will
be important to integrate epigenetic and genetic approaches in order to
better model the risk of disease caused by environmental toxicants. Models
of how to merge epigenotype and genotype information are now starting to
emerge (Bjornsson et al., 2004), and more theoretical, as well as applied,
work is needed in this area of toxicogenomics.

THINKING FROM THE BOTTOM UP: GENOMIC INFORMATION
EMBEDDED IN BIOCHEMICAL SYSTEMS

At the molecular level, SNPs are simple DNA substitutions of one A, T,
G, or C base in a DNA sequence for another. By knowing which portions of
the DNA sequence actually code for the protein sequence, it is possible to
predict whether a DNA sequence change (i.e., an SNP) will change the
sequence of the protein. If it does, then it is quite possible that the activity
of the protein will be altered and thus affect its metabolic or biochemical
functionality. Currently, there are 30,000 SNPs identified that alter the
DNA sequence of a gene in a way that alters the protein sequence it en-
codes. Approximately 60 percent of known genes have at least one SNP
with a frequency of 1 percent or greater that changes its protein sequence.
Moving our perspective to the level of biochemical and physiological sys-
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tems, it can be seen that these variations in protein sequence now constitute
a source of variation in the metabolic functionality of cellular and physi-
ological systems.

It may be helpful to consider this from the perspective of the human
population. With more than 6 million SNPs identified and each SNP giving
rise to 3 possible genotypes in the population, there are >36 million pogsible
genome types. Analogously, if 30,000 of these are translated into protein
sequence differences, there are >33%:000 ynique proteomes possible in the
population. This variation in proteome types will impact how social and
behavioral factors are translated into variation in health and disease. In
other words, many genomic variations are embedded in protein variations
that are embedded in variability in cellular and physiological systems. It
also should be noted that not all SNPs have a functional effect. Determining
whether a particular SNP is associated with a disease, that is, actually
having a biological effect, rather than being a correlate of the functional
polymorphism, currently is consuming much time and effort.

Proteomics Technologies

Proteomics is the study of the full collection of proteins that make up
our cellular and metabolic machinery. Because proteins are dynamically
created and turned over as a part of normal cellular processes, proteins
change in both quantity and activity depending on diet, stress, physical
activity, and other environmental exposures. Each protein may be present
in multiple chemically modified forms, and these protein modifications may
be more critical to its metabolic or biochemical function than the amount of
protein that is found in the cell (Mann and Jensen, 2003). Two major
approaches used to measure the large collection of proteins in cells are gel-
based proteomics and “shotgun” proteomics. In the gel-based approach,
proteins are first separated by electrophoresis and then further resolved by
another separation method (e.g., pH). Shotgun proteomic analysis involves
relatively random digestion of complex protein mixtures followed by mass
spectrometry analysis (Yates, 1998; Washburn et al., 2002). Another type
of proteome analysis that has attracted widespread attention is proteomic
profiling—a spectral profile of the proteins in a tissue or biofluid (e.g.,
serum)—using matrix-assisted laser desorption ionization-time of flight
mass (Chaurand et al., 1999; Petricoin et al., 2002; Villanueva et al., 2004).
The signals in these spectra contain hundreds or thousands of signals and
represent intact proteins, as well as protein fragments, that collectively
reflect the cellular protein machinery. This approach has been used for
discovering novel biomarkers of diseases, especially cancers, that could be
used for early detection (Conrads et al., 2004; Baggerly et al., 2005).
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Metabonomic Technologies

Metabonomics (also known as metabolomics) is the analysis of small
molecular products of biochemical and physiological processes. Since me-
tabolism is a highly complex, dynamic, and adaptive set of systems, mea-
surement of the metabonome, as well as proteomes and transcriptomes, is
expected to change in response to diet, stress, physical environment, circa-
dian rhythms, physical activity, developmental changes, and aging, as well
as during disease development. The range of metabolic molecules is quite
large, spanning from electrolytes to short-chain proteins to large lipid mol-
ecules or exogenous compounds (e.g., diet and drugs) that represent both
anabolic and catabolic processes from multiple tissues and organ systems.
The two main technologies for measuring the metabonome are nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry. Although
NMR has been used more extensively, mass spectrometry-based methods
have much greater sensitivity and can detect molecules at up to 10,000-fold
lower levels than NMR (Wilson et al., 2005; Brown et al., 2005). In some
cases, this level of sensitivity is necessary; however, in most cases it is
probably not needed. NMR spectra of urine contain thousands of signals
representing thousands of metabolites (Nicholson et al., 2002). Using pat-
tern recognition approaches, NMR spectra can be compared across samples
to identify distinguishing patterns that reflect differences in environmental
exposures. Given the current sophisticated algorithms for data processing
and analysis, it is possible to chemically identify most of the peaks in a
complex metabonomic spectra (Beckwith-Hall et al., 1998; Holmes et al.,
1998) and in some cases tissue-specific injury or disease (Azmi et al., 2002;
Griffin et al., 2004). By quantifying metabolite levels and mapping them
onto known metabolic pathways new inferences can be drawn about the
biochemical and cellular consequences of certain diseases (Griffin et al.,
2004). Interestingly, metabomonic studies also are raising awareness of the
important role that gut flora (estimated 1.5 kg/person) play in augmenting
normal metabolism and how they may be a significant source of metabolic
variability across individuals (Nicholson et al., 20035).

THINKING FROM THE TOP DOWN: SOCIAL FACTORS
INFLUENCING CELLS, TISSUES, AND PHYSIOLOGY

In contrast to the “bottom up” approach, in a “top down” approach,
external and human behavioral factors are mapped onto an individual’s
psychological response, which can then alter proteins, metabolites, and
physiological processes. In some cases, these factors can influence signal
transduction, which is a key pathway for modulating gene expression in
response to environmental signals. As discussed earlier, variation in the
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target gene may affect how the signal is translated into a change in gene
expression. This is a molecular example of gene-environment interaction.

One well-documented example of the top down approach of thinking is
the study of the pathways involved in the physiological effects of stress. The
direct connection between stress stimuli and the response of the neuroendo-
crine system was demonstrated by the work of Walter Cannon in the 1920s
(Cannon, 1932). The expression “fight or flight” was first used by Cannon
to illustrate the body’s primitive physiological responses to perceived threats
and other external stressors such as exposure to heat or cold.

The Effects of Stress

A vast body of research has been devoted to the study of the effects of
stress on many biological processes throughout the life course, including
CVD, immune function, and child development. Because psychologists,
physiologists, and the general public use the word stress in many varying
ways (Engle, 1985), there is no one agreed upon definition for the term.
Individual perceptions of stress and the resulting response to the stressor
depend on genetics, events that occur during early development, prior expe-
riences with the stressor, and behavior, such as lifestyle choices (McEwen
and Seeman, 1999). When using stress in relation to animals the term
typically is used to describe the body and brain’s various responses to the
presence of a threat that could compromise the physical or psychological
well-being of the animal (Selye, 1973; Selye, 1975). The complex physi-
ologic response to stress alters the natural priorities set by the body and can
result in substantial effects on normal health maintenance and development
(Johnson et al., 1992).

Brain structures that mediate stress response (e.g., hypothalamus and
brainstem) are also responsible for regulating vital body functions such as
heart rate, respiration, digestion, reproduction, growth and development,
sleep-wake cycles, and the establishment of energy stores in the absence of
stress. When presented with a threat that surpasses the limits of the body’s
available resources and capabilities, the brain initiates the intricate path-
ways and feedback loops of the hypothalamic-pituitary-adrenal system
(HPA). The HPA stimulates the production and release of steroid hor-
mones, such as glucocorticoids, and neurotransmitters, such as catechol-
amines. The release of cortisol, a glucocorticoid, and epinephrine, a cat-
echolamine that is also referred to as adrenaline, results in a multitude of
effects that allow for a quick protective response against the threat in the
short term, but have the potential for adverse effects if continued for an
extended period of time.

The presence of cortisol and epinephrine activates and potentiates some
biological processes of the body, while deactivating and dampening others.
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Important sympathetic nervous system responses elicited by increased levels
of cortisol and epinephrine include increased heart rate and respiration,
increased blood flow to muscles, mobilization of white blood cells in antici-
pation of injury, and the degradation of energy stores, thus increasing levels
of blood sugar. Increased levels of cortisol and epinephrine also suppress
blood flow to the digestive system, dampen immune responses involved
with fighting infection, and inhibit growth and reproductive hormones.
Neurological effects of these important neurochemicals include sharpening
vigilance and attention, while suppressing unnecessary short-term memory
and learning functions (IOM, 2000).

It has been postulated that exposure to stress at early life stages may have
effects on the stress response system that persist throughout the entire life
course. Meaney et al. (1996) used animal studies to demonstrate that infan-
tile rats exposed to short-term stress, such as handling, had decreased HPA
activity, thus depressing responses to stressors throughout the life course.
Conversely, rats exposed to prolonged stressors, such as maternal separation,
physical trauma, and administration of endotoxins, had increased HPA activ-
ity, thus exacerbating response to stressors throughout the life course.
In addition to these lasting HPA effects, increased levels of mRNA for
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP), ini-
tiators of the stress response, were observed in the hypothalamus. Evidence
from this study further indicated that exposure to stress early in life also
affects the gene expression of glucocorticoid receptors, explaining the high
levels of CRH and AVP, which are typically regulated through a negative-
feedback loop involving the glucocorticoid receptors. These findings indicate
that exposure to stress early in life can have monumental effects on the
development of the HPA system and future responsivity to stressors that are
presented throughout life (Meaney et al., 1996).

Chronic stress is implicated in many negative health outcomes that in-
clude diminished immune response, arthrosclerosis, resistance to glucocorti-
coids, and reproductive dysfunctions (Cavigelli and McClintock, 2003). Indi-
viduals exposed to chronic stress can suffer from allostatic load, which is the
accumulation of negative physiologic effects such as those listed above. It is
associated with persistent high levels of catecholamines and glucocorticoids,
as well as the continued struggle to achieve allostasis during times of chronic
stress exposure. Genes, early development, and behaviors such as diet and
exercise, and tobacco and alcohol use (see Chapter 4 for further discussions
of these behaviors) all contribute to an individual’s allostatic load (McEwen
and Seeman, 1999). In addition to allostatic load, Cavigelli and McClintock
(2003) found that individuals with naturally high levels of glucocorticoid
produced in response to stress also have decreased longevity.
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Stress and CVD

The deleterious effects of stress on CVD were clearly defined in the
1950s by Selye (1956). Since that time, substantial evidence has amassed
that supports the role of psychological factors in the etiology and progres-
sion of CVD. For example, Manuck et al. (1988) used animal studies to
illustrate an increased rate of atherosclerotic plaque buildup in individuals
with chronically high blood pressure and elevated levels of catecholamines
as a result of persistent socially stressful situations. The buildup of athero-
sclerotic plaque is a factor in the development or complication of CVD,
such as heart attack or stroke.

Another factor implicated in the risk of CVD is cholesterol. High blood
concentration of cholesterol and other lipids due to prolonged exposure to
stress can increase the risk of developing arthrosclerosis and the risks of
additional heart disease complications. Stoney et al. (1999a; 1999b) found
that levels of cholesterol in the blood varied according to the degree of
perceived stress, and operated independently of modifications to health
behaviors that are traditionally associated with cholesterol levels such as
diet and exercise. Studies of more mild exposure to stress for shorter dura-
tions have also revealed elevated levels of cholesterol, specifically low-
density lipoproteins, triglycerides, and other molecules associated with nega-
tive health outcomes and cardiovascular disease (Stoney et al., 1999a;
Stoney et al., 1999b). Traditionally it has been assumed that levels of
cholesterol in the blood are indirectly linked to chronic stress through the
direct effects stress has on health behavior (i.e., diet choices and physical
activity). However, Stoney has proposed a model of direct effect between
stress and lipid concentration. This new model hypothesizes that exposure
to short-term stressors that activate the sympathetic nervous system also
reduces lipase activity, the enzymes responsible for lipid metabolism and
storage, thus increasing the blood lipid level in times of stress (Stoney et al.,
1999a; Stoney et al., 1999b).

Stress and Immune Function

A considerable amount of evidence has established a relationship be-
tween stress and the suppression of certain aspects of the immune system.
It has also been determined that immune function during times of stress
can be mediated by different factors in humans. After performing a meta-
analysis of available literature, Herbert and Cohen (1993) determined for
example that duration of exposure to stress played an important role in
the level of the immune response. As previously mentioned, acute stress
has a protective immune response. This is exhibited by increased levels of
suppressor/cytotoxic T-cells. However, the presence of prolonged expo-
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sure diminishes levels of these important immune responders (Herbert
and Cohen, 1993). This study also evaluated the differences in immune
responses between objective stress and self-reported subjective stress.
When compared to self-reported stress, objective stress clearly had larger
alterations of immune system response in terms of measured levels of
natural killer (NK) cell activity and Immuglobulin A levels in saliva
(Herbert and Cohen, 1993).

Finally, the study analyzed whether stress originating from interper-
sonal/social situations had more of an impact on immune response than
stress that was the result of nonsocial factors. Despite the inconclusive
findings about which stress resulted in a greater immune response, it ap-
pears that social and nonsocial stressors induce different types of immune
responses. Stress related to social experiences resulted in changes in the
helper-to-suppressor ratio as well as the percent of suppressor/cytotoxic T
in the blood, while nonsocial stressors elicited changes in the number B-
cells and T-cells present and the percentage of helper T-cells in the blood
(Herbert and Cohen, 1993).

A specific example of stress altering immune responses comes from
animal studies conducted by Stefanski et al. (2005) that examined levels of
serum immune cells and corticosterones in response to pregnancy and so-
cial stress. Under normal circumstances and in the absence of stress, levels
of corticosterones gradually increased throughout the pregnancy, while
levels of immune cells such as specific T-cells—CD4 CD4 T, CD8 T—
B-cells, and lymphocyte proliferation, continually decreased. When con-
fronted with daily social stressors throughout the course of pregnancy,
levels of corticosterones drastically increased, while levels of immune cells
such as NK cells, B-cells, and lymphocyte proliferation were all substan-
tially reduced (Stefanski et al., 2005) (see Chapter 7 for a more extensive
discussion of animal models in relation to stress response).

In addition to the negative health outcomes associated with stress and
the immune response, evidence shows that both positive and negative emo-
tional styles can also affect one’s susceptibility to viral infection. Cohen et
al. (2003) found a dose-response relationship between exhibiting a positive
emotional style (i.e., feelings of happiness and being relaxed) and the risk of
developing a cold after a systematic laboratory exposure to the virus.

Child Development

By the time young children reach one year of age, stress-mediating
brain structures such as the amygdala are fully matured and allow children
to experience fear, anxiety, and stress. Late infancy is marked by the natu-
ral stress response of fear when confronted by unfamiliar people (Bronson,
1971; Waters et al., 1975) and the response of anxiety when removed from
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the presence of recognizable caregivers (Ainsworth and Bell, 1970; Sroufe,
1979). These likely responses to short-term stressors play an important
part in the emotional development of children and are not expected to
have long-term adverse effects. However, as previously mentioned, stress
responses inhibit normal growth and developmental processes that are an
essential part of a healthy childhood, thus long-term or repeated expo-
sures to stressors is likely to have negative effects on normal development
(IOM, 2000).

Animal studies show that infants are particularly susceptible to stress-
ful events, such as neglect, that have the potential to permanently alter the
HPA system, resulting in hyperactive stress responses (Meaney et al., 1996;
Denenberg, 1999). Decreased maternal attention such as licking and groom-
ing have also been implicated in the development of more stress-reactive
animals (Liu et al., 1997). Introducing an infant that is genetically predis-
posed to be more stress-reactive into the care of an adoptive mother that is
genetically predisposed to be less stress-reactive causes the infant to develop
with a higher than expected stress tolerance, implying a role of nurture in
addition to the genetic predisposition that determines the characteristics of
stress response.

Primate studies demonstrate the importance of maternal presence dur-
ing early life stages. Monkeys that are separated from their biological moth-
ers at a very young age and reared with a cloth surrogate, but provided with
daily peer interactions, are less socially inept than monkeys reared in com-
plete isolation. However, the monkeys reared with the cloth surrogate still
produce a number of physiological indicators that point toward anxiety
and fear (Suomi, 1991). When faced with stress, these animals produce
higher levels of stress response neurochemicals such as glucocorticoids and
catecholamines. Other studies indicate that monkeys reared without a cloth
surrogate and only in the presence of infant peers exhibit parallel hyperac-
tive stress responses to those reared with the surrogate (Champoux et al.,
1989; Champoux et al., 1992).

As discussed, early life inputs, such as maternal presence and attention,
can be crucial to the normal development of the stress response system as
children grow into adults. These key inputs can keep stress response activity
in check and result in the maturation of a response system that is capable of
rapidly shutting down responses when the stressor has been removed. How-
ever, lack of this positive input can create a system that is hyperactive and
unable to modulate responses to stimuli (NRC/IOM, 2000).

The 2000 National Research Council/Institute of Medicine report, From
Neurons to Neighborhoods: The Science of Early Childood Development,
highlights the importance and difficulty of crossing between disciplines to
understand the multiple factors that influence early childhood develop-
ment. The report recommends pursuing integrative science that includes:
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a) understanding how experience is incorporated into the developing
nervous system and how the boundaries are determined that differentiate
deprivation from sufficiency and sufficiency from enrichment; b) under-
standing how biological processes, including neurochemical and neu-
roendocrine factors, interact with environmental influences to affect the
development of complex bebaviors, including self-regulatory capacities,
prosocial or anti-social tendencies, planning and sustained attention,
and adaptive responses to stress; c) describing the dynamics of gene-
environmental interactions that underlie the development of behavior
and contribute to differential susceptibility to risk and capacity for resil-
ience; and d) elucidating the mechanism that underlie nonoptimal birth
outcomes and developmental disabilities (NRC/IOM, 2000).

MOLECULAR MECHANISMS OF
GENE-ENVIRONMENT INTERACTION

From a molecular perspective, gene-environment interaction can mean
different things to different researchers. For example, gene-environment
interaction could refer to the regulation of gene transcription (i.e., gene
expression) by signals from the environment binding to appropriate cell
surface receptors and stimulating a signal transduction pathway that carries
the molecular signal into the nucleus and eventually binding to the DNA in
the promoter region of the gene to stimulate or inhibit its expression. In this
case, environmental variation will increase variation in gene expression.
From another perspective, gene-environment interaction could refer to how
a DNA mutation in the gene alters its expression in response to the environ-
ment. In this case, genetic variation is contributing to variation in gene
expression even in the absence of environmental variation. From a third
perspective, gene-environment interactions occur when a DNA mutation
changes the protein sequence encoded by a gene and the altered protein has
a different activity than the nonmutant and acts differently when perform-
ing its role in a system that is processing an environmental factor. In this
case, the molecularly embedded genetic information in the protein isoforms
carried by the individual is translated into metabolic features that represent
a gene-environment interaction.

Our understanding of the molecular mechanisms of gene-environment
interactions are likely to continue to expand as the “omic” technologies
deliver more insight into the high-dimensional microcosms that self-
organize into the macro properties of human biology that have been fine
tuned to adapt to social, behavioral, and physical environments.
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THE NEED FOR SYSTEMS APPROACHES

The preceding sections of this chapter described many different levels
and agents of influence on health ranging from the social to the genomic to
the chemical. One of the most important contributions of the research of
the past few decades, climaxing for geneticists with the Human Genome
Project, is that it is pushing scientists toward a more holistic view of human
biology. As scientists try to put the pieces of the puzzle together, the natural
step beyond examining single agents of health and disease is to move to-
ward a systems view. Recently, there has been a resurgence in the amount
of attention that has been given to systems biology because of the vast
amount of data that can now be collected at the genomic, transcriptomic,
proteomic, and metabolomic levels. However, systems theories and meth-
ods have a long tradition in science. The development of path analysis by
Sewall Wright in the 1940s—a correlational approach—was one of the first
attempts at studying states and relationships among many variables in
order to understand the whole. This work more recently has evolved to use
the sophisticated statistical method called Structural Equation Modeling
(Hoyle, 1995; Maruyama, 1997), which has been used successfully in the
behavioral and social sciences. The development of a general systems theory
approach by Bertalanffy (1968) to describe dynamical systems catalyzed
the development of new methods of analysis such as Biochemical System
Theory (Savageau, 1976) and Metabolic Control Theory (Kacser and Burns,
1973). Arthur Guyton’s work using control theory to model the regulation
of physiological systems (Guyton, 1976) is another important example of
the use of systems concepts to model wholes from parts.

In attempting to build bridges between social, behavioral, and genetic
information about health and disease, investing in new systems approaches
is likely to yield many new insights in areas of investigations such as how
small nonlinear effects result in significant health outcomes. One of the
most difficult aspects of integrating this knowledge into a systems approach
is that the information is organized somewhat but not exactly hierarchi-
cally. For example, a traditional hierarchical view of biology looks some-
thing like this: DNA — mRNA — protein — protein interactions — meta-
bolic pathway — metabolic networks — cells — tissues — organs —
organisms — populations — ecologies. However, there also is feedback
from the ecology to the organism to metabolic pathways to the DNA,
which does not strictly follow the same pathways. Biological information
has several important features: it operates on multiple hierarchical levels of
organization at the same time and thus is indeed embedded. It is processed
in complex networks. These information networks are typically robust,
such that many single perturbations will not greatly affect them. There are
key nodes in the network where perturbations may have profound effects;
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these offer powerful targets for the understanding and manipulation of the
system (Ideker et al., 2001). The central task of a systems approach is to
(a) comprehensively gather information from each of the distinct levels, (b)
examine relationships among the agents of the system, (c) hypothesize sys-
tem topologies, (d) integrate data into predictive mathematical models of
the system, (e) test predictions, and (f) identify key regulatory signals and
relationships where intervention could stimulate new outcomes.

There are a growing number of publicly available molecular databases
and systems analysis software programs that could be used for initiating
systems modeling of social, behavioral, and genetic interactions. For in-
stance, the Database of Interacting Proteins (Xenarios et al., 2001), the
Biomolecular Interaction Network Database (Bader et al., 2001), and the
Munich Information Center for Protein Sequences of the German National
Center for Environment and Health (Mewes et al., 1999) contain search-
able catalogs of known protein-protein interactions; the Transcription Fac-
tors Database (Wingender et al., 2000) and The Promoter Database of
Saccharomyces cerevisiae (Zhu and Zhang, 1999) catalog interactions be-
tween proteins and DNA (i.e., transcription factor interactions), and data-
bases of metabolic pathways also recently have been established (e.g.,
EcoCyc [Karp et al., 2000], KEGG [Ogata et al., 1999], and What Is There
[Selkov et al., 1998]). A growing number of databases are also under devel-
opment for storing the now sizeable number of mRNA-expression datasets
(Ermolaeva et al., 1998; Stoeckert et al., 1999; Hawkins et al., 1999;
Ringwald et al., 2000; Aach et al., 2000); companies, such as Affymetrix,
Rosetta, Spotfire, Informax, Incyte, Gene Logic, and Silicon Genetics, mar-
ket gene-expression databases commercially. Notably lacking from this list,
however, are repositories of information on the behavioral and social com-
ponents of the system. Work toward developing publicly available informa-
tion on these levels could open up significant possibilities for the computer
modeling of health outcomes.

The development and practice of systems approaches to model social,
behavioral, and genetic interactions involves a number of requirements that
will pose particular challenges for researchers. These include: (a) bridging
disciplinary and language barriers encountered by teams of social scientists,
behavioral scientists, molecular biologists, geneticists, and computational
scientists; (b) the need for high-throughput facilities for molecular tech-
nologies, such as DNA sequencing, DNA arrays, genotyping, proteomics,
metabonomics, and tissue arrays; (¢) a lack of integrated public health,
medical, and biological informatics systems; (d) the need to develop novel
analytical tools and efficient, powerful computational infrastructures; (e) a
lack of integration of discovery-driven and hypothesis-driven science; and
(f) the need to develop diverse partnerships among academia, community,
industry, and government.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11693.html

ironment: Moving Beyond the Nature/Nurture Debate

EMBEDDED RELATIONSHIPS AMONG FACTORS 125

To address these challenges and advance our understanding of
the complex contributions to health of social, behavioral, and genetic fac-
tors, it becomes imperative to move toward conducting research that
assesses the interactions of these variables (see Chapter 8 for a detailed
discussion of interactions). Therefore, the committee makes the following
recommendations:

Recommendation 1: Conduct Transdisciplinary, Collaborative Re-
search. The National Institutes of Health (NIH) should develop
Requests for Applications (RFAs) to study the impact on health of
interactions among social, behavioral, and genetic factors and their
interactive pathways (i.e., physiological). Such transdisciplinary re-
search should involve the genuine collaboration of social, behav-
ioral, and genetic scientists. Genuine collaboration is essential for
the identification, incorporation, analysis, and interpretation of the
multiple variables used.

Recommendation 2: Measure Key Variables Over the Life Course
and Within the Context of Culture. The NIH should develop RFAs
for studies of interactions that incorporate measurement, over the
life course and within the context of culture, of key variables in the
important domains of social, bebavioral, and genetic factors.

Essential social variables include educational attainment, income and
wealth, occupational status, social networks/social support, and the work
conditions that have been linked consistently and robustly to health out-
comes. Behavioral and psychological variables include tobacco/alcohol/drug
use, eating behavior, physical activity, temperament, perceived stress and
coping, perceived social support, emotional state, and motivation. Essential
genetic factors include the DNA sequence variation, structural chromo-
somal changes, gene expression, epigenetic modifications, and downstream
targets of gene expression. Physiological measures should consider relevant
hormones, neurotransmitters, signaling molecules, and cell types that serve
as transducing mechanisms between the social world and genetics. Further-
more, candidate physiological measures should be selected that recognize
biological and clinical relevance; practical application in the context of
large-scale field studies; interactions among multiple physiological systems
that are traditionally compartmentalized (e.g., the nervous system, the en-
docrine system, and the immune system); intracellular pathways that medi-
ate the interaction between gene function and physiological systems; and
the role of a given physiological measure in multiple biological systems.
Finally, because of the complexity encountered in variables related to sex/
gender and race/ethnicity, such variables must be considered and analyzed
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from a variety of perspectives, including social, cultural, psychological,
historical, political, genetic, and geographic/ancestral.

Additionally, as discussed previously and in Chapter 8, the study of
interactions will require new modeling strategies, the use of profiling ap-
proaches, and the conduct of research in diverse groups and settings. There-
fore, the committee proposes the following recommendations:

Recommendation 3: Develop and Implement New Modeling Strat-
egies to Build More Comprehensive, Predictive Models of Etio-
logically Heterogeneous Disease. The NIH should emphasize re-
search aimed at developing and implementing such models (e.g.,
pattern recognition, multivariate statistics, and systems-oriented
approaches) for incorporating social, bebavioral, and genetic fac-
tors and their interactive pathways (i.e., physiological) in testable
models within populations, clinical settings, or animal studies.

Recommendation 4: Investigate Biological Signatures. Researchers
should use genomic, transcriptomic, proteomic, metabonomic, and
other high-dimensional molecular approaches to discover new con-
stellations of genetic factors, biomarkers, and mediating systems
through which interactions with social environment and bebavior
influence health.

Recommendation 5: Conduct Research in Diverse Groups and
Settings. The NIH should encourage research on the impact of
interactions among social, behavioral, and genetic factors and their
interactive pathways (i.e., physiological) on health that empha-
sizes diversity in groups and settings. Furthermore, NIH should
support efforts to ensure that the findings of such research are
validated by replication in independent studies, translated to pa-
tient-oriented research, conducted and applied in the context of
public bealth, and used to design preventive and therapeutic
approaches.

Transdisciplinary research assessing the impact on health of interac-
tions among social, behavioral, and genetic factors has the potential to
bring to the fore new understanding of disease risk. Such an understanding
could lead to the development of more effective interventions and, ulti-
mately, to improved health for individuals and populations. This research
provides an exciting opportunity to advance our understanding and our
impact on improving health.
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